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Introduction 
Aging is a decrease in function dependent on age, and a decrease in function has been 
observed in various organs due to aging [1-3]. It is important for the elderly to retard 
aging and to delay the decline in tissue function in order to realize productive life and 
finishing their long life. 
To delay aging, our group focused on the diet (Japanese diet) that Japanese people 
usually eat, and studied this. We used mice. As a result, it was revealed that Japanese 
diet in 1975 is effective as a Japanese diet that can delay aging and delay the 
deterioration of organs [4] (Figure 1). However, though the onset of lifestyle diseases 
such as obesity was seen early in mice which ingested Japanese diet in 1990 which has 
higher lipid content than that of Japanese food in 1975, the time reaching the end of 
their lives was long, so the Japanese diet in 1990 seemed to delay the aging. Therefore, 
it seemed that the decrease in energy intake due to aging was supplemented by ingesting 
a diet containg high lipid. In addition, we also observed an interesting phenomenon that 
in mice, when aging progressed and mice eventually died, weight was significantly 
reduced and visceral fat disappeared. From the above, it is considered that aging may 
cause a change in the gastrointestinal absorption ability of lipids, which may have an 
adverse effect on the elderly. Moreover, elderly people with a BMI of 20 or less are 
malnutritional trends, and malnutrition of elderly people has become a serious problem 
in recent years. Furthermore, the number of elderly people judged to be malnutritional 
trends continues to increase, and it is expected that they will increase further because of 
progression of aging society [5] (Figure 2). Based on the above, it was thought that by 
investigating the change in lipid absorption ability due to aging, we can be cause a stir 
in the problem of malnutrition of elderly people and help to solve the health problems of 
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the elderly. However, little research has been done on the change in gastrointestinal 
absorption ablity of lipids due to aging. 
Therefore, in this study, we focused on changes in gastrointestinal absorption ability 
of lipids due to aging, especially; we focused on clarifying its mechanism and searching 
a method of delaying changes in gastrointestinal absorption ability of lipids with aging. 
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Figure 1. Effect of Japanese foods on survival curves and mean life span in 
senescence-accelerated prone mouse-8 mice. Values are means ± SEM n = 20. 
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Figure 2. Trends and forecasts of the number of elderly people with malnutrition trends 
in Japan. 
 
  
2005 2011 2017
3000
6000
9000
T
h
o
u
s
a
n
d
 p
e
o
p
le
2023
Year
8 
 
Referernces 
[1] Honma T, Yanaka M, Tsuduki T, Ikeda I., 2011. Increased lipid accumulation in 
liver and white adipose tissue in aging in the SAMP10 mouse. J Nutr Sci Vitaminol 
(Tokyo). 57:123-129. 
[2] Cuesta S, Kireev R, García C, Rancan L, Vara E, Tresguerres JA., 2013. Melatonin 
can improve insulin resistance and aging-induced pancreas alterations in 
senescence-accelerated prone male mice (SAMP8). Age (Dordr). 35:659-671. doi: 
10.1007/s11357-012-9397-7 
[3] Drozdowski L, Woudstra T, Wild G, Clandinin MT, Thomson AB., 2005. Dietary 
lipids modify the age-associated changes in intestinal uptake of fructose in rats. Am 
J Physiol Gastrointest Liver Physiol. 288:G125-134. 
[4] Yamamoto K, E S, Hatakeyama Y, Sakamoto Y, Honma T, Jibu Y, Kawakami Y, 
Tsuduki T (2016) The Japanese diet from 1975 delays senescence and prolongs life 
span in SAMP8 mice. Nutrition. Jan;32(1):122-128. doi: 10.1016/j.nut.2015.07.002 
[5] Ministry of Health, Labour and Welfare., 2017. National Health and Nutrition 
Examination Survey. URL: 
https://www.mhlw.go.jp/stf/houdou/0000177189_00001.html 
 
  
9 
 
Chapter 1: Analysis of the mechanism of lipid absorption ability change with aging 
 
1.1. Abstract 
Malnutrition due to aging is partly caused by decreased absorption of nutrients by the 
gastrointestinal tract. However, the underlying mechanism for age-associated 
malnutrition is unclear and changes in lipid absorption with aging are poorly understood. 
In this study, changes in lipid absorption with aging were examined in mice aged 3 and 
25 months. After overnight fasting, blood samples were collected from snipped tails and 
then soybean oil was administered orally. Three hours later, mice were sacrificed by 
decapitation and the liver, pancreas, small intestine and blood were collected. The 
increase in serum triacylglycerol after soybean oil administration was significantly 
lower in the older mice, indicating a decrease in lipid absorption with aging. 
Measurement of mRNA levels for triacylglycerol absorption-related molecules showed 
that mRNA for pancreatic lipase tended to decrease in 25-month-old mice. There was no 
significant difference in the protein level of pancreatic lipase, but the enzyme activity 
showed a significant decrease in the older mice. To examine this mechanism, expression 
levels of mRNA for protein turnover-related molecules in the pancreas were measured. 
The level of a proteasomal mRNA showed a significant decrease in 25-month-old mice. 
This suggests that the ability to degrade unfolded protein decreases in the aging 
pancreas, and that this leads to reduction of pancreatic lipase activity and a decrease in 
lipid absorption. 
 
Key words: aging ･ enzyme activity ･ lipid absorption ･ mice ･ pancreatic lipase 
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1.2. Introduction 
The population of elderly persons has increased worldwide and this has emphasized 
the importance of studying mechanisms of aging. Senescence refers to age-related 
changes in physiological function and aging depresses tissue functions such as lipid 
metabolism in the liver and insulin secretion in the pancreas [1-4]. Delay of senescence 
and maintenance of quality of life in elderly persons requires careful attention to diet 
and nutrition. 
Malnutrition is a concern in elderly persons because it induces loss of motor function, 
delayed recovery from illness, and increased rates of complications and mortality [5, 6]. 
Malnutrition may arise because of a decrease in the ability of the gastrointestinal tract to 
facilitate absorption of nutrients [7]. The functions of tissues related to gastrointestinal 
tract absorption, such as those in the pancreas and small intestine, decrease with aging. 
Exocrine secretion of digestive enzymes decreases with reduction of acinar cells in the 
pancreas. This induces a decrease in the secretion volumes of amylase and lipase, which 
process carbohydrates and lipids, respectively [8]. In the small intestine, the surface area 
decreases due to degeneration of villi and the number of nerve cells related to digestive 
absorption also decreases [9-11]. Carbohydrate absorption decreases with aging, 
including reduced uptake of glucose [9, 10, 12]. Absorption of essential minerals such 
as calcium and magnesium also decreases with aging [13]. However, few studies have 
examined the absorption properties of the gastrointestinal tract with aging because there 
are several inconsistent comment reports for absorption and metabolism in the small 
intestine. For example, previous studies were shown that glucose absorption in small 
intestine increased or decreased with aging [9, 14, 15]. To understand aging and small 
intestine correctly, more information is needed. 
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In this study, we examined lipid absorption in 3 and 25-month-old mice. After 
overnight fasting, blood samples were collected from snipped tails and soybean oil was 
then administered orally. Three hours later, mice were sacrificed by decapitation and 
tissues and blood were collected. Senescence indicators were examined in tissues 
associated with triacylglycerol (TG) absorption. Serum TG levels were measured to 
examine changes in lipid absorption with aging. Mechanisms underlying changes in 
lipid absorption with aging were examined based on measurement of expression levels 
of mRNA for TG absorption-related genes. The results showed that decreased 
pancreatic lipase activity may underlie the decrease in lipid absorption with aging. 
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1.3. Materials and methods 
Animals  
All procedures were performed in accordance with the Animal Experiment 
Guidelines of Tohoku University. The animal protocol was approved by the Animal Use 
Committee at Tohoku University [16]. Male ICR mice (1-month-old) were obtained 
from Japan SLC (Hamamatsu, Japan). Thirteen mice [3-month-old mice (n = 7) and 
25-month-old mice (n = 4, two mice died on the way)] were used. The mice were 
sacrificed for analysis at age 3 and 25 months. The mice were housed in individual 
cages with access to a control diet (CE-2) and distilled water ad libitum in a 
temperature- and humidity-controlled room with light cycles of 12 h on and 12 h off 
until age 3 or 25 months [17]. The mice were weighed and then sacrificed for analysis at 
3 and 25-month-old by decapitation. The liver, pancreas, small intestine and serum were 
collected and stored at -80°C until performance of assays. 
 
Triacylglycerol assays in serum and small intestine 
After overnight fasting of mice aged 3 and 25 months, 5 g of soybean oil per kg body 
weight (about 200 µL) was administered orally. Serum TG levels were measured at 0 
and 3 h with an enzyme kit (Wako Pure Chemical, Osaka, Japan). Serum samples were 
collected in 1.5 ml tubes for the assay. The small intestine of mice sacrificed at 3 hours 
after soybean oil administration was homogenized with four volumes of ice-cold saline. 
Total lipids from the small intestine homogenate were extracted using the Bligh-Dyer 
method [18]. TG in total lipids of the small intestine was measured using an enzyme kit 
(Wako Pure Chemical, Osaka, Japan). 
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Thiobarbituric acid active substance assay 
To examine oxidative stress caused by aging, the levels of thiobarbituric acid active 
substances (TBARS) in serum, liver, pancreas and small intestine were measured as 
described previously [19, 20]. 
 
mRNA expression analysis 
For real-time quantitative reverse transcriptase PCR (qRT-PCR), total RNA was 
isolated from liver, pancreas and small intestine using an RNeasy Mini Kit (Qiagen, 
Valencia, CA) [2, 21], eluted with 30 µL RNase-free water, and stored at -80°C until 
use. To quantify the expression levels of genes, mRNA levels for beta-actin (Actb), 
activating transcription factor 6 (Atf6), colipase (Clps), cholesterol 7α-hydroxylase 
(Cyp7a1), fatty acid-binding protein 2 (Fabp2), glucose-related protein 78 (Grp78), heat 
shock protein 40 (Hsp40), heat shock protein 70 (Hsp70), inositol-requiring 1 (Ire1), 
microsomal triglyceride transfer protein (Mttp), p21, pancreatic lipase-related protein 2 
(Plrp2), proteasome (prosome) subunit, beta type 5 (Psmb5) and pancreatic lipase (Ptl) 
in liver, pancreas and small intestine were determined with a Thermal Cycler Dice Real 
Time System
®
 (Takara Bio, Otsu, Japan). This system allows real-time quantitative 
detection of PCR products by measuring the increase in fluorescence caused by binding 
of SYBR green to double-stranded DNA [2, 22]. In brief, cDNA was made using Prime 
Script
®
 RT Master Mix (Perfect Real Time) (Takara Bio, Otsu, Japan) from total RNA 
in liver, pancreas and small intestine. The cDNA was subjected to PCR amplification 
using SYBR
® 
Premix Ex Taq
TM
 (Perfect Real Time) (Takara Bio, Otsu, Japan) and 
gene-specific primers for Actb, Atf6, Clps, Cyp7a1, Fabp2, Grp78, Hsp40, Hsp70, Ire1, 
Mttp, p21 Plrp2, Psmb5 or Ptl (Table 1.1). The PCR amplification was performed with 
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an activation step at 95
o
C for 10 s, followed by 40 cycles at 95
o
C for 5 s (denaturation) 
and 60
o
C for 31 s (extension), and a dissociation stage at 95
o
C for 15 s, 60
o
C for 30 s 
and 95
o
C for 15 s for each gene. Melting curve analysis was performed following each 
reaction to confirm the presence of only a single reaction product. The threshold cycle 
(CT) represents the PCR cycle at which an increase in reporter fluorescence above a 
baseline signal can first be detected. The ratio between the Actb content in standard 
samples and test samples was defined as the normalization factor [23]. 
 
Western blot analysis 
Western blot analysis was performed using antibodies that specifically recognize 
proteins including pancreatic lipase (PTL), proteasome (prosome) subunit, beta type 5 
(PSMB5), and actin beta (β-actin) [23]. The pancreas was homogenized, proteins were 
extracted, and 10 μg of extracted protein was loaded for sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblot analysis. Protein 
bands were then transferred to polyvinylidene fluoride membranes (Bio-Rad 
Laboratories, Hercules, CA). After blocking of nonspecific sites with skim milk, the 
membrane was probed with primary antibodies, followed by a horseradish 
peroxidase-conjugated secondary antibody (Abcam, Cambridge, MA). Detection of 
antibody reactions was performed with ECL Western blotting Detection Reagents (GE 
Healthcare, Little Chalfont, UK). Each band was normalized using the corresponding 
value of β-actin as an internal control. The antibodies used were β-actin [primary 
antibody (Abcam, mouse monoclonal to beta Actin) dilution is 1:10000, secondary 
antibody (Abcam, rabbit polyclonal) dilution is 1:4000], PTL [primary antibody (Santa 
Cruz, goat polyclonal) dilution is 1:200, secondary antibody (Abcam, rabbit polyclonal) 
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dilution is 1:4000] and PSMB5 [primary antibody (Abcam, rabbit polyclonal) dilution is 
1:1000, secondary antibody (Abcam, goat polyclonal) dilution is 1:3000] [23-25]. 
Reaction times were 4
o
C over night in all antibodies. 
 
Pancreatic lipase activity assay 
The activity of pancreatic lipase was measured as described previously [26, 27]. The 
frozen pancreas was thawed and homogenized in 4 vol of ice-cold 154 mmol/L NaCl. 
The homogenate was centrifuged (13,800 × g for 20 min at 4°C), and aliquots of the 
supernatant were stored at −80°C (enzyme liquid). Enzymatic activity was measured by 
determining the free fatty acid (FFA) level. In this procedure, 80 mg of triolein, 10 mg 
of lecithin and 9 ml of bile acid were mixed in 0.1 mol/L Tris-HCl buffer (pH 7.0), and 
then sonicated for 10 min (substrate liquid). Subsequently, 0.1 ml of substrate liquid and 
0.05 ml enzyme liquid were mixed and incubated for 30 min at 37°C. FFA was 
measured using an enzyme kit (Wako Pure Chemical, Osaka, Japan). 
 
Statistical analysis 
All statistical analyses were performed using Ekuseru-Toukei 2012 (SSRI, Tokyo, 
Japan). Data are reported as mean ± SE. Statistical analysis was performed by one-way 
ANOVA or Student t-test. A difference was considered to be significant at P<0.05. 
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Table 1.1. Primer pairs used for the quantitative RT-PCR analysis. 
Genbank ID Target gene Primer Primer sequence (5’–3') 
NM_007393 Actb F GAAATCGTGCGTGACATCAAAG 
  R TGTAGTTTCATGGATGCCACAG 
NM_001081304 Atf6 F CCCAAGCTCTCCGCATAGTC 
  R TAAAATGCCCCATAACTGACCAA 
NM_025469 Clps F GCTCTTGCCTTCTGCTGTCTGA 
  R ATGGCGCCGATGATGCTCCTGT 
NM_007824 Cyp7a1 F GGGATTGCTGTGGTAGTGAGC 
  R GGTATGGAATCAACCCGTTGTC 
NM_007980 Fabp2 F AGAGGAAGCTTGGAGCTCATGACA 
  R TCGCTTGGCCTCAACTCCTTCATA 
NM_001163434 Grp78 F TCATCGGACGCACTTGGAA 
  R AACCACCTTGAATGGCAAGAA 
NM_018808 Hsp40 F AGGCTCTCTGTGGTTGCACT 
  R CTCAGGTGTTTTGGGGAGAG 
NM_010478 Hsp70 F AGAAGGTGCTGGACAAGTGC 
  R CTGGTACAGCCCACTGATGA 
NM_023913 Ire1 F CATGAGGAACAAGAAGCACCACTA 
  R TCGCTGTGTGAAGTACTGAATGAA 
NM_008642 Mttp F AGTGCAGTTCTCACAGTACCCGTT 
  R AGCATATCGTTCTGGTGGAAGGGA 
NM_001111099 p21 F CGAGAACGGTGGAACTTTGAC 
  R CAGGGCTCAGGTAGACCTTG 
NM_011128 Plrp2 F ATGCCTATGGATGTCCGTGGA 
  R TGCCCAGGGCTTGTCATTG 
NM_011186 Psmb5 F CGCGAATCGAAATGCTTCA 
  R TGTGGCCCGGGAATCC 
NM_026925 Ptl F CTGGGAGCAGTAGCTGGAAG 
  R AGCGGGTGTTGATCTGTGC 
Actb, actin beta; Atf6, activating transcription factor 6; Clps, colipase; Cyp7a1, cholesterol 
7α-hydroxylase; Fabp2, fatty acid-binding protein 2; Grp78, glucose-related protein 78; Hsp40, 
heat shock protein 40; Hsp70, heat shock protein 70; Ire1, inositol-requiring 1; Mttp, 
microsomal triglyceride transfer protein; Plrp2, pancreatic lipase-rerated protein; Psmb5, 
proteasome (prosome) subunit, beta type 5; Ptl, pancreatic lipase. 
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1.4. Results 
Growth parameters 
To examine the difference in body weight, food intake and tissue weight between 
young mice and old mice, growth parameters were measured. There were no significant 
differences in body weight (35.4 ± 0.35 vs. 40.7 ± 3.89 g), food intake (5.19 ± 0.05 vs. 
5.19 ± 0.03 g/day), and weights of liver (4.41 ± 0.08 vs. 4.37 ± 0.33 g/100 g body 
weight) and pancreas (0.63 ± 0.08 vs. 0.81 ± 0.04 g/100 g body weight) between 3 and 
25-month-old mice. 
  
Senescence indicators in serum, liver, pancreas and small intestine 
To examine progression of senescence in 25-month-old mice, lipid peroxidation 
(TBARS) and p21 mRNA levels were examined (Table 1.2). The TBARS level in the 
pancreas of 25-month-old mice was 141% of that in 3-month-old mice, showing a 
significant increase with aging. In contrast, there were no significant difference in 
TBARS levels in serum, liver and small intestine between 3 and 25-month-old mice. 
p21 mRNA levels in the liver and pancreas of 25-month-old mice were 8.10 times and 
1.85 times of those in 3-month-old mice, respectively, showing a significant increase 
with aging. There was no significant difference in the p21 mRNA level in the small 
intestine between 3 and 25-month-old mice.  
 
Triacylglycerol levels in serum and small intestine 
To examine lipid absorption in mice with aging, soybean oil (5 g/kg body weight) 
was administered orally and the serum TG level was measured at 0 and 3 h (Table 1.3). 
The TG level at 0 hour in 25-month-old mice was 51% of that in 3-month-old mice, 
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showing a tendency to decrease with age (P = 0.07). The serum TG level at 3 h in 
25-month-old mice was 12% of that in 3-month-old mice, showing a significant 
decrease with aging. The difference in serum TG at 0 h and 3 h after administration of 
soybean oil (ΔTG) in 25-month-old mice was 5% of that in 3-month-old mice, also 
showing a significant decrease with aging. To examine the location of unabsorbed lipid 
in senescence, the small intestine TG level was measured (Table 1.3). However, there 
was no significant difference in small intestine TG levels between 3 and 25-month-old 
mice. 
 
mRNA levels for TG absorption-related genes in liver, pancreas and small intestine 
To examine the mechanism underlying decreased lipid absorption with aging in mice, 
mRNA levels for TG absorption-related genes in liver, pancreas and small intestine 
were measured (Table 1.4). There was no significant difference in the mRNA level for 
Cyp7a1, which is crucial for bile acid synthesis in the liver, between 3 and 
25-month-old mice. The mRNA level for Ptl, which is required for TG hydrolysis in the 
pancreas, in 25-month-old mice was 45% of that in 3-month-old mice, showing a 
tendency for a decrease with age (P = 0.12). There were no significant differences in the 
mRNA levels for Clps and Plrp2, which are required for TG hydrolysis in the pancreas, 
between 3 and 25-month-old mice. There were also no significant differences in the 
mRNA levels for Fabp2, which transports free fatty acids, and Mttp, which brings TG 
into chylomicrons in the small intestine, between 3 and 25-month-old mice.  
 
Protein level and enzymatic activity of pancreatic lipase 
Pancreatic lipase mRNA levels exhibited a declining trend in 25-month-old mice. To 
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evaluate the pancreatic lipase function, the protein level and enzymatic activity were 
measured (Figure 1.1). There was no significant difference in the protein level of 
pancreatic lipase between 3 and 25-month-old mice (Figure 1.1A), but the pancreatic 
lipase activity in 25-month-old mice was 62% of that in 3-month-old mice, showing a 
significant decrease with aging (Figure 1.1B).  
 
mRNA levels for protein turnover-related genes in the pancreas 
Expression levels of mRNA for protein turnover-related genes in the pancreas were 
measured to examine why the protein level of pancreatic lipase was unchanged, but the 
enzyme activity decreased, with aging (Table 1.5). In 3 and 25-month-old mice, there 
were no significant differences in mRNA levels for Grp78, Hsp40 and Hsp70, which are 
molecular chaperones that assist with protein folding, and for Atf6 and Ire1, which 
maintain cell homeostasis by responding to endoplasmic reticulum (ER) stress caused 
by accumulation of unfolded protein. In contrast, mRNA for Psmb5, a proteasomal 
protein that facilitates elimination of unfolded protein in the pancreas, in 25-month-old 
mice was 55% of the level in 3-month-old mice, showing a significant decrease with 
aging. The protein level of PSMB5 (Figure 1.2) in the pancreas of 25-month-old mice 
was 60% of that in 3-month-old mice, also showing a significant decrease with aging.  
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Table 1.2. Senescence indicator in mice. 
 3m 25m p 
TBARS    
Serum (µmol/mmol lipid) 1.73 ± 0.52 0.91 ± 0.27 0.283 
Liver (nmol/g tissue) 79.7 ± 8.17 92.1 ± 8.07 0.346 
Pancreas (nmol/g tissue) 43.1 ± 3.73 60.8 ± 7.42* 0.040 
Small intestine (nmol/g tissue) 37.5 ± 10.9 33.8 ± 9.95 0.827 
p21 mRNA expression    
Liver (Ratio) 1.00 ± 0.15 7.97 ± 2.12* 0.002 
Pancreas (Ratio) 1.00 ± 0.13 1.85 ± 0.45* 0.045 
Small intestine (Ratio) 1.00 ± 0.32 2.06 ± 0.73 0.153 
Values are mean ± SE. *p <0.05 (vs 3-month-old mice). 3m, 3-month-old mice (n 
=7); 25m, 25-month-old mice (n = 4). 
TBARS, thiobarbituric acid reactive substances. 
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Table 1.3. Serum TG and small intestine TG levels in mice. 
 3m 25m    p 
Serum TG levels (mmol/L)    
Before administering soy bean oil 1.38 ± 0.21 0.71 ± 0.23 0.069 
After administering soy bean oil 8.33 ± 1.06 1.04 ± 0.47* ＜0.001 
ΔTG 6.94 ± 1.00 0.34 ± 0.35* ＜0.001 
Small intestine TG (µmol/g tissue) 21.0 ± 8.68 30.5 ± 22.6 0.651 
Values are mean ± SE. *p <0.05 (vs 3-month-old mice). 3m, 3-month-old mice 
(n =7); 25m, 25-month-old mice (n = 4). 
ΔTG, the differences in the serum TG level at 0h and after 3h in administration 
of soy bean oil. TG, triacylglycerol. 
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Table 1.4. mRNA expression levels for triacylglycerol absorption-related 
genes in liver, pancreas and small intestine of mice. 
 3m 25m       p 
 
Liver 
(Ratio)  
Cyp7a1  1.00 ± 0.26 0.49 ± 0.18 0.202 
Pancreas    
Clps  1.00 ± 0.18 1.17 ± 0.21 0.570 
Plrp2  1.00 ± 0.21 0.74 ± 0.22 0.437 
Ptl  1.00 ± 0.23 0.45 ± 0.11
 
0.123 
Small intestine    
Fabp2  1.00 ± 0.11 0.88 ± 0.22 0.582 
Mttp  1.00 ± 0.27 0.55 ± 0.22 0.290 
Values are mean ± SE. 3m, 3-month-old mice (n =7); 25m, 25-month-old 
mice (n = 4). 
Cyp7a1, cholesterol 7α-hydroxylase; Clps, colipase; Plrp2, pancreatic 
lipase-related protein; Ptl, pancreatic lipase; Fabp2, fatty acid-binding 
protein 2; Mttp, microsomal triglyceride transfer protein. 
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Figure 1.1. Effects of aging on expression of pancreatic lipase in mice (A). Expression 
levels were measured by western blotting. The β-actin level in each sample was used to 
normalize the result. Effect of aging on pancreatic lipase activity in mice (B). Activities 
were normalized to protein levels of pancreatic lipase. 3m, 3-month-old mice (n = 7); 
25m, 25-month-old mice (n = 4). *p <0.05 vs. 3-month-old mice. 
 
  
3m 25m
0
0.3
0.6
0.9
1.2
1.5
S
p
e
c
if
ic
 a
c
ti
v
it
y
3m 25m
0
0.7
2.8
3.5
1.4
2.1
E
x
p
re
s
s
io
n
 r
a
ti
o
β-actin
Pancreatic lipase
3m 25mA
B
1.00
1.63
1.02
0.63
*
24 
 
Table 1.5. mRNA expression levels for protein turnover-related genes in 
pancreas of mice. 
 3m 25m     p Function 
 (Ratio)   
Grp78  1.00 ± 0.16 0.81 ± 0.20 0.476 
Chaperone Hsp40  1.00 ± 0.12 0.79 ± 0.11 0.293 
Hsp70  1.00 ± 0.23 0.73 ± 0.22
 
0.466 
Atf6  1.00 ± 0.15 0.63 ± 0.13 0.136 
Unfolded protein response 
Ire1  1.00 ± 0.28 0.77 ± 0.29 0.609 
Psmb5  1.00 ± 0.09 0.55 ± 0.01*
 
0.006 Protein degradation 
Values are mean ± SE. *p <0.05 (vs 3-month-old mice). 3m, 3-month-old mice 
(n =7); 25m, 25-month-old mice (n = 4). 
Grp78, glucose-related protein 78; Hsp40, heat shock protein 40; Hsp70, heat 
shock protein 70; Atf6, activating transcription factor 6; Ire1, inositol-requiring 
1; Psmb5, proteasome (prosome) subunit, beta type 5. 
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Figure 1.2. Effects of aging on expression of PSMB5 in the pancreas of mice. 
Expression levels were measured by western blotting. The actin content in each sample 
was used to normalize the results. 3m, 3-month-old mice (n = 3); 25m, 25-month-old 
mice (n = 4). *p <0.05 vs. 3-month-old mice. 
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1.5. Discussion 
The results of this study suggest that lower lipid absorption with aging may occur due 
to decreased pancreatic lipase activity associated with reduced degradation of unfolded 
protein in the pancreas. 
The degree of senescence in TG absorption-related tissues (liver, pancreas and small 
intestine) in 25-month-old mice was examined by measuring lipid peroxide (TBARS) 
and p21 mRNA levels. TBARS is a marker of oxidative stress that increases in aging 
tissues [28-30]. p21 is a cyclin dependent kinase inhibitor that inhibits cell growth and 
also increases with aging [31, 32]. In 25-month-old mice, TBARS significantly 
increased in the pancreas and p21 mRNA significantly increased in the liver and 
pancreas (Table 1.2). These results confirm progression of senescence in the pancreas of 
25-month-old mice. However, in this study, there was no significant difference in the 
TBARS level in the small intestine. As this reason, it was thought that TBARS is the 
marker of low sensitivity and the accumulation of lipid peroxide is inhibited because 
small intestine has the high metabolic capacity [33]. 
Lipid absorption with aging was examined by measurement of serum TG levels after 
administration of soybean oil. TG is absorbed in the small intestine and discharged into 
the blood via the lymph [34]. In mammals, serum TG is gradually increased by fat 
intake and peaks at 3-4 hours, after which the serum TG level gradually decreases [35, 
36]. In this study, the increase in serum TG at 3 h was suppressed in 25-month-old mice 
(Table 1.3), showing a decrease in lipid absorption with aging. There was no significant 
difference in the TG level in the small intestine between 3 and 25-month-old mice 
(Table 1.3), which shows that the lipid did not stagnate in small-intestinal epithelial 
cells. In this study, we could not show the data of feces because we didn’t collect feces, 
but in mice and rats with suppressed lipid absorption, the TG level in feces is increased 
[26, 37]. Therefore, unabsorbed lipid is likely to be excreted in the feces. 
To examine the mechanism underlying the decrease in lipid absorption with aging, 
the levels of mRNA for TG absorption-related genes in the liver, pancreas, and small 
intestine were measured. The mRNA level for Ptl (pancreatic lipase), which is required 
for TG hydrolysis [38], showed a tendency to decrease in the pancreas of 25-month-old 
mice (Table 1.4). In contrast, there were no significant differences between 3 and 
25-month-old mice in the mRNA levels for Cyp7a1, which is important for bile acid 
27 
 
synthesis in the liver [39]; Clps and Plrp2, which are required for TG hydrolysis in the 
pancreas [38]; Fabp2, a transporter of free fatty acids in the small intestine [40]; and 
Mttp, which brings TG into chylomicrons in the small intestine [41]. 
In lipid absorption, TG is first hydrolyzed by pancreatic lipase. The lipid is then 
absorbed in the small intestine and resynthesized into TG. TG is then brought into 
chylomicrons and discharged into the blood via the lymph [42]. Therefore, our results 
suggest that the function of the pancreas decreased with aging due to decreased 
expression of pancreatic lipase and a consequent reduction in TG hydrolysis. To 
evaluate this mechanism further, the protein level and enzymatic activity of pancreatic 
lipase were measured. There was no significant difference in the protein level of 
pancreatic lipase between 3 and 25-month-old mice, but the enzymatic activity showed 
a significant decrease in 25-month-old mice (Figure 1.1). This is of importance because 
inhibition of the enzymatic activity of pancreatic lipase has previously been shown to 
influence lipid absorption [26, 37, 43]. These results suggest that the decrease in TG 
absorption ability with aging is due to the decrease in pancreatic lipase activity. In 
common with all enzymes, pancreatic lipase must be properly folded to exert its activity 
and physiological effects [44]. Thus, the activity of pancreatic lipase may decrease 
because of accumulation of unfolded proteins with aging in the pancreas.  
To examine the mechanism of pancreatic lipase folding, mRNA levels for protein 
turnover-related genes in the pancreas were measured. The mRNA level of Psmb5, a 
proteasomal protein that promotes elimination of unfolded proteins [45, 46], showed a 
significant decrease in 25-month-old mice (Table 1.5). In contrast, there were no 
significant differences in mRNA levels for Grp78, Hsp40 and Hsp70, which are 
molecular chaperones assisting protein folding [45, 47, 48]; and Atf6 and Ire1, which 
maintain cell homeostasis by responding to ER stress caused by accumulation of 
unfolded proteins [49], between 3 and 25-month-old mice. The protein level of PSMB5 
also showed a significant decrease in 25-month-old mice (Figure 1.2). Unfolded protein 
accumulates in various tissues such as liver and brain due to decreased proteasome 
levels with aging and this can induce neurodegenerative disease and cause 
aging-associated disease such as Alzheimer and Parkinson disease [47, 48, 50]. 
Proteasome expression is also related to life-span. For example, the naked mole rat has 
higher proteasome levels than other rodents and has a greater ability to degrade 
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unfolded proteins. The naked mole rat can avoid cellular damage and lives 8 times 
longer than other rodents because it inhibits accumulation of unfolded protein [51]. In 
this study, there was no significant difference in the protein level of pancreatic lipase. 
However, the pancreatic lipase activity that normalized to protein levels of pancreatic 
lipase significantly decreased. Therefore, in aged mice, it was thought that inactive 
pancreatic lipase of unfolding state was increased and decreased superficial pancreatic 
lipase activity because the proteasome (Psmb5) decreased with aging. There is no 
evidence that shows relationship of the decrease of pancreatic lipase activity and the 
decrease of Psmb5 yet. However, there is the report that unfolded protein increases and 
enzyme activity decreases by reduction of the proteasome expression [50]. In this study, 
it is thought that the relationship of the decrease of pancreatic lipase activity and the 
decrease of Psmb5 is strong. It was suggested that unfolded proteins in 3-month-old 
mice was lower than that in 25-month-old mice because unfolded proteins ware 
dissolved immediately by proteasome in 3-month-old mice. 20S proteasome, 19S 
conjugate and 11S conjugate dissolve unfolded proteins. 20S proteasome has the most 
important activity in the proteasome system [52]. So, we paid attention to Psmb5 in 20S 
proteasome in this study. The current study shows that the ability to degrade unfolded 
protein in the pancreas decreases with aging. This reduces lipid absorption because 
unfolded pancreatic lipase has reduced enzyme activity. On the other hand, the 
endoplasmic reticulum (ER) stress occurs by accumulation of unfolded protein in ER 
and Atf1 and Ire1 are upregulated. However, in the study, there were no significant 
differences in the protein level of pancreatic lipase and the mRNA levels of Atf1 and 
Ire1 between 3 and 25-month-old mice. So, it was thought that ER stress response gene 
didn’t change because unfolded protein was secreted in the extracellular and was not 
accumulative in ER. Therefore, it was suggested that unfolded protein that has not was 
degraded by Psmb5 was secreted in the extracellular and the function of pancreatic 
lipase was inhibited in the small intestine because many unfolded proteins existed in 
25-month-old mice.  
Other factor of the decrease in lipid absorption is the mutant of pancreatic lipase gene. 
Misfolding proteins relate to mutant genes and mutant genes accumulate with aging 
[53]. In this study, it was also thought that pancreatic lipase activity decreased with the 
increase in misfolding proteins by the increase in pancreatic lipase mutant gene. 
29 
 
Although we examined only male mice in the study, sex difference is an important 
point. The ability of lipid absorption is decreased in both males and females with aging 
[54]. So, it is suggested that female mice also decrease the ability of lipid absorption 
with aging. However, to demonstrate this, we need to examine the lipid absorption of 
female mice. 
As the mechanism of elderly malnutrition, our results were suggested that the ability 
of lipid absorption decreased by the reduction of pancreatic lipase activity with the 
increase in unfolded proteins with aging. It was thought possible that humans also cause 
elderly malnutrition by the mechanism of this study because humans and mice have 
many common systems [55, 56]. The reduction of lipid absorption ability induces the 
reduction of body weight. It is reported that elderly persons may have high fat diet to 
prevent this and this may induce long life [57]. Indeed, it is known that elderly persons 
who are the long life consume a lot of fats [58]. In addition, it is also known that 
females are a long life by taking high fat diet [57]. To clarify this, it will be necessary to 
verify this in the human in the future. 
The decrease in lipid absorption with aging may also be due to decreases in the 
digestive tract pancreatic lipase level and in the surface area of the small intestine. 
These changes are caused by decreased exocrine function of the pancreas and loss of 
villi in the small intestine [8-10], respectively. The results of the current study indicate a 
new mechanism underlying the decrease in lipid absorption with aging due to a decrease 
in pancreatic lipase activity caused by decreased degradation of unfolded proteins in the 
pancreas. Resolution of undernutrition in elderly persons by delaying the decrease in 
lipid absorption function with aging will require further study of the mechanisms 
underlying lipid absorption [59]. 
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Chapter 2: Effect of high fat diet intake on lipid absorption ability with aging 
 
2.1. Abstract 
We examined the effect of a high-fat diet from senescence as a means of preventing 
malnutrition among the elderly. The senescence-accelerated mouse P8 was used and 
divided into three groups. The 6C group was given a normal diet until 6 months old. 
The 12N group was given a normal diet until 12 months old. The 12F group was given a 
normal diet until 6 months old and then a high-fat diet until 12 months old. In the oral 
fat tolerance test, there was a decrease in area under the curve for serum triacylglycerol 
level in the 12N group and a significant increase in the 12F group, suggesting that the 
attenuation of lipid absorption ability with aging was delayed by a high-fat diet from 
senescence. To examine this mechanism, histological analysis in the small intestine was 
performed. As a result, the degeneration of villi with aging was inhibited by the high-fat 
diet. There was also a significant decrease in length of villus in the small intestine in the 
12N group and a significant increase in the 12F group. The high-fat diet from 
senescence inhibited the degeneration of villi with aging in the small intestine, and 
inhibited the attenuation of lipid absorption ability. 
 
Key words: aging ・ high fat diet ・ lipid absorption ・ SAMP8 ・ small intestine 
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2.2. Introduction 
The population of elderly persons is increasing worldwide, making it important to 
study mechanisms of aging. Senescence is defined as age-related changes in 
physiological function and aging depresses tissue functions such as decreasing lipid 
metabolism ability in the liver and insulin secretion ability in the pancreas [1-4]. To 
delay senescence, maintain quality of life for the elderly and die a natural death, it is 
important to consider diet and nutrition [5]. 
Malnutrition is one of the nutrition problems of the elderly. Malnutrition induces loss 
of motor function, delays recovery from disease and increases the rate of complications 
and death [6, 7]. One cause of malnutrition is the decreased ability of the 
gastrointestinal tract to absorb nutrients [8]. However, this mechanism is not well 
understood. In our previous study, we examined lipids, which are an important nutrient, 
and showed the progression of senescence of the pancreas, which is related to lipid 
absorption ability, and found that lipid absorption ability was reduced by decreased 
expression of pancreatic lipase in aged mice [5]. In addition, we necropsied deceased 
mice and observed the interesting phenomenon that body weight decreased dramatically 
and visceral fat disappeared in mice that were approaching death. This suggests that 
delaying the phenomenon by slowing the attenuation of lipid absorption ability with 
aging may prolong life. 
A high-fat diet is a diet which includes many lipids. Mice fed a high-fat diet from a 
young age are susceptible to fatty liver and diabetes, and a high-fat diet is considered 
poor for health [3, 9]. However, it was shown that elderly people who consume much 
fat lived longer, prompting a second look at high-fat diets [10]. Although a high-fat diet 
may have a beneficial effect of increasing life expectancy, few studies have examined 
this mechanism. It was reported that lipid absorption ability in the small intestine 
increases in mice fed a high-fat diet from 6 weeks to 9 weeks of age [11]. Therefore, a 
high-fat diet may delay the attenuation of lipid absorption ability with aging and reduce 
malnutrition in the elderly. However, a high-fat diet from a young age induces 
aging-related diseases such as fatty liver and diabetes. 
In this study, we examined the effect of a high-fat diet from senescence as a means of 
delaying the attenuation of lipid absorption ability with aging. We used the 
senescence-accelerated mouse (SAM) P8. SAM was developed in 1981 at Kyoto 
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University and there are various senescence-prone inbred strains (SAMP1, P2, P3, P6, 
P7, P8, P9, P10) [12, 13]. The SAMP8 mouse shows normal growth and then 
senescence progresses from 6 months of age. In addition, this mouse exhibits aging 
amyloidosis, the attenuation of immune function and learning and memory disorder [14, 
15]. The SAMP8 mouse has a lifespan of about a year and it is widely used for analysis 
of mechanisms of aging and dietary components [16, 17]. In this study, we examined 
the effect of lipid absorption ability in the SAMP8 mouse fed a high-fat diet from 
senescence (6 months of age). 
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2.3. Materials and methods 
Animals and diets 
All procedures were performed in accordance with the Animal Experiment 
Guidelines of Tohoku University. The animal protocol was approved by the Animal Use 
Committee at Tohoku University [18]. Male SAMP8 mice (11 weeks of age) were 
obtained from Japan SLC (Hamamatsu, Japan). After acclimatization to a commercial 
diet (CE-2; CLEA Japan, Tokyo, Japan) for 1 week, the mice received a control diet 
(CE-2) until age 6 months, then they were randomly divided into three groups that were 
sacrificed or received different commercial diets: a group given control diet (CE-2) and 
a group given high-fat diet (Quick Fat; CLEA Japan, Tokyo, Japan). The control diet or 
high-fat diet composition (g/100g diet) was nitrogen-free extract, 51.0 or 46.7; crude 
protein, 24.9 or 24.8; crude fat, 4.6 or 14.4; crude ash, 6.6 or 5.0; crude fiber, 4.1 or 2.5; 
moisture, 8.9 or 6.8. The control diet or high-fat diet calorie content (kcal/100 g diet) 
was 345 or 415. The energy of the high-fat diet was about 20% higher than that of the 
control diet. Twenty mice which received the control diet were sacrificed for analysis at 
age 6 months (6C; n = 9, one mouse died on the way) and 12 months (12N; n = 8, two 
mice died on the way). Ten mice which received the high-fat diet from age 6 months 
were sacrificed for analysis at age 12 months (12F; n = 6, four mice died on the way). 
The mice were housed in individual cages with free access to commercial diets and 
distilled water in a temperature- and humidity-controlled room with light cycles of 12 h 
on and 12 h off [19]. At the appropriate time point, the mice were weighed and then 
sacrificed by decapitation, and brain, heart, kidney, lung, liver, pancreas, spleen, thymus, 
mesenteric adipose tissue, perirenal adipose tissue, epididymal adipose tissue, small 
intestine and serum were collected and stored at −80°C until the assays were performed. 
 
Oral fat tolerance tests 
After overnight fasting of mice aged 6 and 12 months, 5 g of soybean oil per kg body 
weight was administered orally. Blood samples were collected by cutting tissue from 
the tail tip and then massaging the tail. Serum triacylglycerol (TG) levels were 
measured at 0, 1, 2, 3, 4, 5 and 6 hours with an enzyme kit (Wako Pure Chemical, 
Osaka, Japan). Serum TG levels were determined using the TG kit (Wako Pure 
Chemical, Osaka, Japan), and the area under the curve for blood TG (AUC) was 
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calculated. 
 
Thiobarbituric acid active substance assay 
To examine oxidative stress caused by aging, the levels of thiobarbituric acid active 
substances (TBARS) in serum, liver, pancreas and small intestine were measured as 
described previously [20, 21]. 
 
mRNA expression analysis 
For real-time quantitative reverse transcriptase PCR (qRT-PCR), total RNA was 
isolated from liver, pancreas and small intestine using an RNeasy Mini Kit (Qiagen, 
Valencia, CA) [3, 22], eluted with 90–200 µL RNase-free water, and stored at −80°C 
until use. To quantify the expression levels of genes, mRNA levels for beta-actin (Actb), 
colipase (Clps), cholesterol 7α-hydroxylase (Cyp7a1), fatty acid-binding protein 2 
(Fabp2), microsomal triglyceride transfer protein (Mttp), p21, pancreatic lipase-related 
protein 2 (Plrp2) and pancreatic lipase (Ptl) in liver, pancreas and small intestine were 
determined with a Thermal Cycler Dice Real Time System
®
 (Takara Bio, Otsu, Japan). 
This system allows real-time quantitative detection of PCR products by measuring the 
increase in fluorescence caused by binding of SYBR green to double-stranded DNA [3, 
23]. In brief, cDNA was made using Prime Script
®
 RT Master Mix (Perfect Real Time) 
(Takara Bio, Otsu, Japan) from total RNA in liver, pancreas and small intestine. The 
cDNA was subjected to PCR amplification using SYBR
® 
Premix Ex Taq
TM
 (Perfect 
Real Time) (Takara Bio, Otsu, Japan) and gene-specific primers for Actb, Clps, Cyp7a1, 
Fabp2, Mttp, p21, Plrp2 or Ptl (Table 2.1). The PCR amplification was performed with 
an activation step at 95°C for 10 s, followed by 40 cycles at 95°C for 5 s (denaturation) 
and 60°C for 31 s (extension), and a dissociation stage at 95°C for 15 s, 60°C for 30 s 
and 95°C for 15 s for each gene. Melting curve analysis was performed following each 
reaction to confirm the presence of only a single reaction product. The threshold cycle 
(CT) represents the PCR cycle at which an increase in reporter fluorescence above a 
baseline signal can first be detected. The ratio between the Actb content in standard 
samples and test samples was defined as the normalization factor [24]. 
 
Histological analysis 
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For histological analysis of the small intestine, the boundary between duodenum and 
jejunum of each mouse were fixed in 10% formalin and embedded in paraffin [25]. 
Vertical sections were cut, mounted on a glass slide, stained with hematoxylin and eosin, 
and observed using a microscope (BZ-9000; Keyence, Osaka, Japan). The length of 
villus in the small intestine was measured by using image analysis software (BZ-9000; 
Keyence, Osaka, Japan). We calculated means by measuring 40 sites at random for each 
sample. 
 
DNA microarray analysis 
Total RNA was isolated from the small intestine using an RNeasy Mini Kit (Qiagen, 
Valencia, CA) [3, 22], eluted with 90–200 µL RNase-free water, and stored at −80°C 
until use. DNA microarray analysis (Super Print G3 Mouse GE 8x60K Microarray 
(Agilent)) using total RNA was performed by Takara Bio (Otsu, Japan). Total RNA was 
pooled for each group and subjected to DNA microarray analysis [2]. Gene expression 
ratio is shown as “Log2 Ratio”. 
 
Biochemical analyses in plasma and liver 
The lipid compositions in the liver and serum were measured as described previously 
[26, 27]. TG and total cholesterol (TC) levels in serum and liver, and phospholipid (PL) 
and glucose levels in serum were measured using commercial enzyme kits (Wako Pure 
Chemical, Osaka, Japan) according to the manufacturer’s protocol. Insulin was 
determined using ELISA kits (Shibayagi, Shibukawa, Japan) [27]. PL levels in liver 
were determined using the method described by Rouser [28]. 
 
Statistical analysis 
All statistical analyses were performed using Ekuseru-Toukei 2012 (SSRI, Tokyo, 
Japan). Results were expressed as means ± SE. Data were analyzed by a one-way 
ANOVA with a Tukey post hoc test. Food intake and caloric intake were analyzed by 
Student’s t test. We estimated survival curves for each diet group using the 
Kaplan-Meier method and tested for differences in survival among the groups with a log 
rank tests. A difference was considered to be significant at P < 0.05. 
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Table 2.1. Primer pairs used for the quantitative RT-PCR analysis. 
Genbank ID Target gene Primer Primer sequence (5’–3') 
NM_007393 Actb F GAAATCGTGCGTGACATCAAAG 
  R TGTAGTTTCATGGATGCCACAG 
NM_025469 Clps F GCTCTTGCCTTCTGCTGTCTGA 
  R ATGGCGCCGATGATGCTCCTGT 
NM_007824 Cyp7a1 F GGGATTGCTGTGGTAGTGAGC 
  R GGTATGGAATCAACCCGTTGTC 
NM_007980 Fabp2 F AGAGGAAGCTTGGAGCTCATGACA 
  R TCGCTTGGCCTCAACTCCTTCATA 
NM_008642 Mttp F AGTGCAGTTCTCACAGTACCCGTT 
  R AGCATATCGTTCTGGTGGAAGGGA 
NM_001111099 p21 F CCTGGTGATGTCCGACCTG 
  R CCATGAGCGCATCGCAATC 
NM_011128 Plrp2 F ATGCCTATGGATGTCCGTGGA 
  R TGCCCAGGGCTTGTCATTG 
NM_026925 Ptl F CTGGGAGCAGTAGCTGGAAG 
  R AGCGGGTGTTGATCTGTGC 
Actb, actin beta; Clps, colipase; Cyp7a1, cholesterol 7α-hydroxylase; Fabp2, fatty acid-binding 
protein 2; Mttp, microsomal triglyceride transfer protein; Plrp2, pancreatic lipase-rerated protein; 
Ptl, pancreatic lipase. 
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2.4. Results 
Oral fat tolerance tests 
To examine the alteration of lipid absorption ability by a high-fat diet from 
senescence, we conducted oral fat tolerance tests. First, 5 g of soybean oil per kilogram 
body weight was administered orally and serum TG levels were measured at 0, 1, 2, 3, 4, 
5 and 6 hours (Figure 2.1A). As a result, serum TG levels gradually increased by 
consumption of soybean oil and peaked at 3–4 hours in all groups. At all times, serum 
TG levels showed the highest values in the 12F group and the lowest values in the 12N 
group. There was a significant increase in AUC for serum TG levels in the 12F group 
compared to the 12N group (Figure 2.1B). This suggested that the attenuation of lipid 
absorption ability with aging can be delayed by a high-fat diet from senescence. 
 
Senescence indicator in serum, liver, pancreas and small intestine 
To examine the degree of aging in SAMP8 mice, the lipid peroxide (TBARS) and 
p21 mRNA levels were examined in serum and TG absorption-related tissues (liver, 
pancreas and small intestine) (Table 2.2). There was a significant increase in TBARS 
for serum in the 12F group compared to the 6C group. There was a significant increase 
in TBARS for liver in the 12F group compared to the 6C and 12N groups. There was no 
significant difference in TBARS for pancreas and small intestine. There was a 
significant increase in p21 mRNA level for liver in the 12N group compared to the 6C 
group. There was no significant difference in p21 mRNA level for pancreas and small 
intestine. These results showed clear progression of senescence in the liver of 
12-month-old SAMP8 mice. 
 
mRNA levels for TG absorption-related genes in liver, pancreas and small intestine 
To examine the effect of a high-fat diet on the attenuation of lipid absorption ability 
with aging, the expression of mRNA for TG absorption-related genes in liver, pancreas 
and small intestine was measured (Table 2.3). There was no significant difference in the 
mRNA level of Cyp7a1 which is crucial for bile acid synthesis in the liver. There was 
no significant difference in the mRNA levels of Clps, Plrp2 and Ptl which are required 
for efficient TG hydrolysis in the pancreas. There was no significant difference in the 
mRNA levels of Fabp2 which transports free fatty acid and Mttp which brings TG into 
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chylomicrons in the small intestine. This suggested that there was no change in mRNA 
levels for TG absorption-related genes in relation to the delay of the attenuation of lipid 
absorption ability by a high-fat diet. 
 
Histological analysis in small intestine 
To examine the reason why the lipid absorption ability decreased with aging and the 
decrease was inhibited by a high-fat diet, histological analysis was performed in the 
small intestine, which is important for lipid absorption (Figure 2.2A). As a result, the 
length of villus in the small intestine diminished in the 12N group compared to the 6C 
group. On the other hand, there was no difference in the length of villus in the small 
intestine between the 6C and 12F groups. The length of villus in the small intestine was 
measured. There was a significant decrease in the length of villus in the small intestine 
in the 12N group and a significant increase in the 12F group compared to the 6C group 
(Figure 2.2B). This suggested that the length of villus in the small intestine diminishes 
with aging but this decrease is inhibited by a high-fat diet. 
 
DNA microarray analysis in small intestine 
In the histological analysis, the decrease in the length of villus in the small intestine 
with aging was inhibited by a high-fat diet. To examine this mechanism, the expression 
of cell function-related genes in the small intestine was measured by DNA microarray 
analysis (Table 2.4). The genes which showed increased or decreased (more than 2-fold 
difference in log2 ratio) mRNA levels in the 12N group compared to the 6C group were 
examined. A total of 55 genes were found. The expression of many genes increased. 
Four metabolism-related genes, three aging and stress response-related genes, six cell 
structure-related genes and three cell cycle-related genes increased. These genes were 
listed and examined in detail. The expression of 16 genes changed with aging (6C vs. 
12N), but the change in expression of all genes was diminished by a high-fat diet (6C vs. 
12F) (Table 2.5). This suggested that the progression of senescence in the small 
intestine is delayed by a high-fat diet. 
 
Growth parameters 
To examine growth parameters in mice, body weight, food intake and tissue weights 
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were examined (Table 2.6). There was a significant increase in the body weight in the 
12F group compared to the 12N group. There was no significant difference in the food 
intake and a significant increase in the caloric intake in the 12F group compared to the 
12N group. There was a significant increase in the lung weight in the 12N group 
compared to the 6C group. There was a significant increase in the liver weight in the 
12F group compared to the 12N group. There were no significant differences in brain, 
heart, kidney, pancreas, spleen, thymus, mesenteric adipose tissue, perirenal adipose 
tissue and epididymal adipose tissue weights. This suggested that body weight reduction 
with aging is inhibited by a high-fat diet. 
 
Biochemical analyses in plasma and liver 
To examine the effect of a high-fat diet on serum and liver in mice, biochemical 
analyses were performed (Table 2.7). There was a significant increase in serum TG 
level in the 12F group compared to the 12N group. There were significant increases in 
serum TC and PL levels in the 12F group compared to the 6C and 12N groups. There 
was a significant increase in serum glucose level in the 12F group compared to the 6C 
and 12N groups, but no significant difference in serum insulin level. There was a 
significant increase in HOMA-IR, which is an indicator of insulin resistance, in the 12F 
group compared to the 6C and 12N groups. There were significant increases in liver TG 
and TC levels in the 12F group compared to the 6C and 12N groups, but no significant 
difference in liver PL level. This suggested that serum and liver lipids are increased and 
hyperglycemia and fatty liver are induced by a high-fat diet from senescence. 
  
46 
 
 
Figure 2.1. Effects of aging on lipid absorption ability in SAMP8 mice. Oral fat 
tolerance test (A) and area under the curve (AUC) (B) are shown. Values are means ± 
SE, n = 6–9. a, bp < 0.05. 
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Table 2.2. Senescence indicator in mice. 
 6C 12N 12F 
TBARS    
 Serum (µmol/L) 2.78 ± 0.71
a
 3.61 ± 0.37
ab
 5.49 ± 0.48
b
 
 Liver (nmol/g) 96.5 ± 8.75
a
 127 ± 11.6
a
 268 ± 65.2
b
 
 Pancreas (nmol/g) 338 ± 21.0 269 ± 38.9 248 ± 24.4 
 Small intestine (nmol/g) 421 ± 190 248 ± 71.9 144 ± 20.6 
p21 mRNA expression    
 Liver (Ratio) 1.00 ± 0.13
a
 6.63 ± 2.44
b
 5.91 ± 0.92
ab
 
 Pancreas (Ratio) 1.00 ± 0.28 0.99 ± 0.22 1.75 ± 0.48 
 Small intestine (Ratio) 1.00 ± 0.11 0.71 ± 0.05 1.02 ± 0.11 
Values are means ± SE, n = 6-9. 
a, b
p <0.05.  
TBARS, thiobarbituric acid active substance. 
 
  
48 
 
Table 2.3. mRNA expression levels for triacylglycerol absorption-related 
genes in liver, pancreas and small intestine of mice. 
 6C 12N 12F 
 
Liver 
(Ratio) 
 Cyp7a1 1.00 ± 0.20 2.36 ± 0.58 1.50 ± 0.35 
Pancreas    
 Clps 1.00 ± 0.28 1.18 ± 0.18 1.48 ± 0.42 
 Plrp2 1.00 ± 0.28 1.10 ± 0.16 1.54 ± 0.41 
 Ptl 1.00 ± 0.28 1.05 ± 0.15 1.37 ± 0.31 
Small intestine    
 Fabp2 1.00 ± 0.12 0.82 ± 0.14 1.13 ± 0.21 
 Mttp 1.00 ± 0.21 1.31 ± 0.21 1.43 ± 0.19 
Values are means ± SE, n = 6-9. 
Cyp7a1, cholesterol 7α-hydroxylase; Clps, colipase; Plrp2, pancreatic 
lipase-related protein; Ptl, pancreatic lipase; Fabp2, fatty acid-binding 
protein 2; Mttp, microsomal triglyceride transfer protein. 
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Figure 2.2. Effects of aging on histology of small intestine in SAMP8 mice. Small 
intestines were fixed in 10% formalin and embedded in paraffin. Sections were cut, 
mounted on a glass slide and stained with hematoxylin and eosin. Images (A) and mean 
length (B) of villus in the small intestine of mice are shown. Values are means ± SE, n = 
3. 
a, b, c
p < 0.05. 
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Table 2.4. Cell function related genes from DNA microarray analysis in small 
intestine: Number of gene transcripts with more than 2-fold difference in log2 
ratio between 6C and 12N. 
Function 
Ratio 
Up Down 
Lipid, sugar or protein metabolism 4 0 
Stress response / aging / autophagy 3 0 
Cell structure / growth / adhesion 6 0 
Cell cycle / apoptosis 3 0 
Others 31 8 
Total 47 8 
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Table 2.5. Cell function related genes from DNA microarray analysis in small intestine: list of gene 
transcripts with more than 2-fold difference in log2 ratio between 6C and 12N. 
Genebank ID Gene name 
Log2 Ratio 
(vs 6C) Function Classification 
12N 12F 
NM_001145830 Plcb1 2.09 0.89 Phosphatidylinositol metabolism 
Lipid 
metabolism 
NM_007502 Atp1b3 2.19 0.79 Insulin secretion 
Sugar 
metabolism 
NM_009204 Slc2a4 2.14 0.69 Insulin signaling pathway 
NM_009932 Col4a2 2.03 0.57 Protein digestion and absorption 
Protein 
metabolism 
NM_013487 Cd3d 2.02 -0.24 T cell receptor signaling pathway Stress 
response / 
Aging / 
Autophagy 
NM_010560 Il6st 2.01 0.28 Cytokine receptor interaction 
NM_010931 Uhrf1 2.00 0.72 Putative E3 ubiquitin-protein ligase 
NM_134142 Tmem109 2.44 0.97 Endoplasmic reticulum membrane 
Cell structure 
/ Growth / 
Adhesion 
NM_008597 Mgp 2.44 0.87 Organic matrix of bone and cartilage 
NM_008722 Npm1 2.26 0.41 Ribosome biogenesis 
NM_080451 Synpo2 2.08 0.71 Actin-binding and actin-bundling 
NM_026631 Nhp2 2.04 0.63 Ribosome biogenesis 
NM_011654 Tuba1b 2.03 0.45 Phagosome 
NM_008563 Mcm3 2.50 -0.75 Cell cycle 
Cell cycle / 
Apoptosis 
NM_182990 Ssrp1 2.11 0.29 Transcriptional coactivator for p63/TP63 
NM_013929 Siva1 2.00 0.45 Apoptosis 
Plcb1, phospholipase C, beta 1; Atp1b3, ATPase, Na+/K+ transporting, beta 3 polypeptide; Slc2a4, solute 
carrier family 2 (facilitated glucose transporter), member 4; Col4a2, collagen, type IV, alpha 2; Cd3d, CD3 
antigen, delta polypeptide; Il6st, interleukin 6 signal transducer; Uhrf1, ubiquitin-like, containing PHD and 
RING finger domains, 1; Tmem109, transmembrane protein 109; Mgp, matrix Gla protein; Npm1, 
nucleophosmin 1; Synpo2, synaptopodin 2; Nhp2, NHP2 ribonucleoprotein; Tuba1b, tubulin, alpha 1B; 
Mcm3, minichromosome maintenance deficient 3; Ssrp1, structure specific recognition protein 1; Siva1, 
SIVA1, apoptosis-inducing factor. 
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Table 2.6. Growth parameters in SAMP8 mice. 
 6C 12N 12F 
Body weight (g) 29.1 ± 0.86
ab
 27.6 ± 0.69
a
 31.6 ± 1.54
b
 
Food intake (g/day) ― 3.42 ± 0.08 3.82 ± 0.27 
Caloric intake (kcal/day) ― 11.8 ± 0.27 15.9 ± 1.14* 
Tissue weight (g/100g body weight) 
 Brain 1.50 ± 0.07 1.53 ± 0.03 1.36 ± 0.06 
 Heart 0.45 ± 0.03 0.56 ± 0.03 0.53 ± 0.04 
 Kidney 1.68 ± 0.05 1.81 ± 0.04 2.02 ± 0.21 
 Lung 0.87 ± 0.09
a
 1.34 ± 0.17
b
 0.99 ± 0.13
ab
 
 Liver 4.28 ± 0.09
ab
 4.64 ± 0.41
a
 6.44 ± 1.07
b
 
 Pancreas 1.05 ± 0.05 0.93 ± 0.12 0.75 ± 0.08 
 Spleen 0.33 ± 0.05 0.72 ± 0.32 0.43 ± 0.05 
 Thymus 0.08 ± 0.02 0.27 ± 0.17 0.07 ± 0.01 
White adipose tissue weight    
  Mesenteric 0.69 ± 0.10 0.63 ± 0.16 0.63 ± 0.20 
Perirenal 0.65 ± 0.16 0.44 ± 0.11 0.66 ± 0.24 
  Epididymal 1.40 ± 0.17 1.14 ± 0.25 1.65 ± 0.50 
Values are means ± SE, n = 6-9. 
a, b
p <0.05, *p < 0.05 vs 12N. 
Food intake and Caloric intake are data from 6-month-old. 
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Table 2.7. Biochemical parameters in serum and liver. 
 6C 12N 12F 
Serum    
TG (mmol/L) 1.46 ± 0.13
ab
 0.96 ± 0.07
a
 3.56 ± 1.47
b
 
TC (mmol/L) 2.42 ± 0.05
a
 2.64 ± 0.12
a
 4.76 ± 0.98
b
 
PL (mmol/L) 2.34 ± 0.06
a
 2.64 ± 0.12
a
 3.60 ± 0.44
b
 
Glucose (mmol/L) 10.4 ± 0.34
a
 10.1 ± 0.91
a
 19.4 ± 3.34
b
 
Insulin (ng/mL) 1.32 ± 0.20 1.61 ± 0.19 2.16 ± 0.55 
HOMA-IR (Ratio) 1.00 ± 0.16
a
 1.19 ± 0.18
a
 2.52 ± 0.53
b
 
Liver    
TG (µmol/g tissue) 13.6 ± 2.64
a
 8.94 ± 1.83
a
 71.3 ± 14.4
b
 
TC (µmol/g tissue) 3.42 ± 0.40
a
 5.00 ± 0.46
a
 18.3 ± 5.11
b
 
PL (µmol/g tissue) 35.2 ± 1.93 31.4 ± 2.37 29.8 ± 1.83 
Values are means ± SE, n = 6-9. 
a, b
p <0.05. 
TG, triacylglycerol; TC, total cholesterol; PL, phospholipid. 
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2.5. Discussion 
In our previous study, we showed the attenuation of lipid absorption ability with 
aging in mice fed a normal diet [5]. In this study, to establish a way of delaying such 
attenuation, mice fed a high-fat diet from senescence were used. As a result, it was 
shown that a high-fat diet inhibits the attenuation of lipid absorption ability with aging 
by inhibiting the attenuation of cell function and the degeneration of villi in the small 
intestine with aging. 
To examine the alteration of lipid absorption ability with aging and with a high-fat 
diet, an oral fat tolerance test was performed. TG is absorbed in the small intestine and 
sent into the blood via lymph [29, 30]. In mammals, the serum TG level gradually 
increases with fat intake and peaks at 3–4 h, and then gradually decreases [31, 32]. In 
this study, the serum TG level was gradually increased by consumption of soybean oil 
and peaked at 3–4 h, then gradually decreased in all groups (Figure 2.1A). AUC for the 
serum TG level was calculated and there was a significant increase in AUC in the 12F 
group compared to the 12N group (Figure 2.2B). AUC is often used as the indicator of 
the absorption ability of various substances. It is reported that AUC decreases by the 
attenuation of absorption ability and increases by the enhancement of absorption ability 
[33, 34]. These results suggested that the attenuation of lipid absorption ability with 
aging is delayed by a high-fat diet. 
The effect of progression of senescence caused by aging and a high-fat diet in TG 
absorption-related tissues (liver, pancreas and small intestine) was examined. Lipid 
peroxide (TBARS) and p21 mRNA levels were measured to examine the degree of 
senescence in these tissues. TBARS is an indicator of oxidative stress and increases in 
aging tissues [35, 36]. p21 is a cyclin dependent kinase inhibitor that inhibits cell 
growth and also increases in aging tissues [37, 38]. In this study, there was a significant 
increase in TBARS level for serum in the 12F group compared to the 6C group and 
liver in the 12F group compared to the 6C and 12N groups. On the other hand, there 
was a significant increase in p21 mRNA level for liver in the 12N group compared to 
the 6C group (Table 2.2). These results showed a clear progression of senescence in the 
liver of 12-month-old SAMP8 mice. 
To examine the effect of a high-fat diet on the attenuation of lipid absorption ability 
with aging, the expression of mRNA for TG absorption-related genes in liver, pancreas 
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and small intestine was measured. In the process of lipid absorption, first, TG is 
emulsified by bile acid, then hydrolyzed by pancreatic lipase. Lipid is then absorbed in 
the small intestine and is resynthesized into TG. Finally, TG is imported into the 
chylomicron and is sent into the blood via the lymph [29]. In this study, the following 
six genes mainly involved in this pathway were measured: Cyp7a1, which is crucial for 
bile acid synthesis in the liver; Clps, Plrp2 and Ptl, which are required for efficient TG 
hydrolysis in the pancreas; Fabp2, which transports free fatty acid; and Mttp, which 
brings TG into chylomicrons in the small intestine [39-42]. There were no significant 
differences in mRNA levels of all genes (Table 2.3). This suggested that there was no 
change in mRNA levels for TG absorption-related genes in relation to the delay of 
attenuation of lipid absorption ability by a high-fat diet. 
We examined the morphology of lipid absorption-related tissues because lipid 
absorption-related genes did not change by a high-fat diet in relation to the delay of 
attenuation of lipid absorption ability with aging. Various tissues play a role in lipid 
absorption. The small intestine is the most important tissue for every nutrient including 
lipid [43, 44]. Therefore, in this study, small intestine morphology was examined by 
histological analysis. As a result, there was a significant decrease in length of villus in 
the small intestine in the 12N group and a significant increase in the 12F group 
compared to the 6C group (Figure 2.2). In the small intestine, the surface area decreases 
due to degeneration of villi with aging and this plays a role in the attenuation of nutrient 
absorption ability with aging [45]. In previous study, nutrient stimulation due to lipid or 
sugar recuperated the degeneration of villi in the small intestine when intestinal function 
decreased due to nutrient deficiency. Also, in previous study, the expression of digestion 
absorption and cell cycle-related gene increased due to nutrient stimulation in the small 
intestine [46]. Therefore, lipid can regulate intestinal development. Therefore, these 
results showed that the delay of degeneration of villi in the small intestine with aging 
was inhibited by a high-fat diet from senescence. 
To examine cell functions in the small intestine more closely, DNA microarray 
analysis was performed (Table 2.4, 2.5). As a result, mRNA levels of 16 genes 
increased in the 12N group compared to the 6C group and the expression of these genes 
was diminished in the 12F group. It is known that many of the genes we found show 
high expression or overexpression in inflammation and stress which are related to the 
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attenuation of cell functions. Especially, Il6st and Uhrf1 show high expression in 
inflammation and aging which induce the attenuation of cell functions [47, 48]. Npm1 
also shows high expression in stress and aging [49]. Inflammation and stress in the 
small intestine induce the degeneration of villi, the attenuation of nutrient absorption 
ability, and malnutrition [50-52]. These results showed that the attenuation of cell 
functions in the small intestine with aging was inhibited by a high-fat diet and induced 
the delay of attenuation of lipid absorption ability. 
To examine the effect of a high-fat diet from senescence on body composition, body 
weight and tissue weights were measured. As a result, there was a significant increase in 
the body weight in the 12F group compared to the 12N group. However, there was no 
significant difference in the weight of visceral fat (Table 2.6). Body weight and weight 
of visceral fat increase with a high-fat diet [3, 53]. However, in this study, only body 
weight increased. We observed that visceral fat gradually decreased in mice which 
showed progression of senescence and then approached death [2]. Therefore, a high-fat 
diet may be able to inhibit this phenomenon. However, in this study, there was no 
significant difference in weight of visceral fat, which is thought to be mainly due to the 
difference in the mice strain. Aged mice often show various phenomena in their bodies 
due to differences in the mice strain. For example, in our previous study, we showed the 
attenuation of lipid absorption ability with aging in ICR mice; the mechanism was that 
the expression of pancreatic lipase decreased with the progression of senescence in the 
pancreas [5]. However, in this study, we showed the attenuation of lipid absorption 
ability, whereas we did not show the progression of senescence and the alteration of 
expression of pancreatic lipase in the pancreas. The different mechanism emerged due 
to the difference in mice strain. The lifespan of ICR mice is about two years and 
senescence progresses slowly in contrast to SAMP8 mice [54]. Moreover, in ICR mice, 
a high-fat diet easily affects adipose tissues and so the mice are used in various studies 
related to a high-fat diet and adipose tissues [55, 56]. Therefore, it is thought that a 
high-fat diet can easily affect adipose tissues even if senescence progresses. On the 
other hand, the lifespan of SAMP8 mice is about a year and senescence progresses 
quickly, reaching significant senescence at 12 months old [16, 17]. It was reported that a 
high-fat diet had little effect on adipose tissues in senescence-accelerated mice such as 
SAMP8 mice when senescence progressed sufficiently [3]. Therefore, it was thought 
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that a high-fat diet had little effect on adipose tissues in SAMP8 mice in contrast to ICR 
mice as senescence progresses. 
To examine the effect of a high-fat diet from senescence on serum and liver 
parameters, serum and liver biochemical analyses were performed. As a result, there 
were significant increases in serum TG level, TC level, PL level, glucose level and 
HOMA-IR in the 12F group and there were also significant increases in liver TG level 
and TC level in the 12F group (Table 2.7). The high-fat diet from senescence induced 
hyperglycemia and lipid accumulation in the liver, which induce aging-related diseases 
such as diabetes and fatty liver [3, 57]. Therefore, it was shown that a high-fat diet from 
senescence not only had the positive effect of delaying the attenuation of lipid 
absorption ability with aging, but also had the negative effects of diabetes and fatty 
liver. 
It is also known that high-fat diet negatively affects circulatory system in common 
with inducing fatty liver and diabetes [58]. So, it is interesting that high-fat diet intake 
from senescence has influence on cardiovascular parameter. However, in this study, we 
did not examine cardiovascular parameters because the ability of gastrointestinal tract to 
lipid was the most important element. In this study, we measured serum total cholesterol 
which is one of the cardiovascular parameters. As a result, there was a significant 
increase in serum total cholesterol in the 12F group compared to the 6C and 12N groups. 
High-fat diet intake from senescence negatively affects circulatory system because high 
level of serum total cholesterol induces coronary heart disease [59]. In the future, we 
want to examine the effect of cardiovascular parameter such as blood pressure on 
malnutrition with aging and improvement of this malnutrition. 
The elderly who is not malnutrition has a long life-span because elderly mortality rate 
of malnutrition is high [60]. However, in this study, high-fat diet intake from senescence 
induced simultaneously the improvement of decreased ability of the gastrointestinal 
tract with aging which can resolve malnutrition and fatty liver and diabetes which 
induce life shortening. It is very interesting that high-fat diet intake from senescence has 
influence on life-span. We made survival curves in the feeding period of this study. As a 
result, there was no significant difference in the life-span. (12N vs 12F, p = 0.397) 
(Figure 2.3). However, mice which consumed high-fat diet showed increased mortality. 
This suggested that fatty liver and diabetes by high-fat diet intake from senescence are a 
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bad influence on the life-span than the improvement of malnutrition by high-fat diet 
intake from senescence. So, in the future, we want to explore the diet and functional 
component which can improve malnutrition with aging and inhibit fatty liver and 
diabetes. 
In conclusion, in our previous study, we showed the attenuation of lipid absorption 
ability with aging [5], and in this study, we noted a high-fat diet from senescence as a 
way to resolve this problem and showed that the attenuation of lipid absorption ability 
was delayed by the inhibition of attenuation of cell functions and degeneration of villi in 
the small intestine. However, it was also shown that consuming a high-fat diet from 
senescence induced diabetes and fatty liver as with a high-fat diet from a younger age. 
In the future, we will study ways to delay simultaneously the attenuation of lipid 
absorption ability with aging and inhibit aging-related diseases [61]. 
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Figure 2.3. Survival curves for male SAMP8 mice fed Normal or High fat diets. 
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Chapter 3: Effects of a moderate-fat diet enriched with fish oil on intestinal lipid 
absorption and various biochemical parameters with aging 
 
3.1. Abstract 
We examined a moderate-fat diet enriched with fish oil and assessed whether it could 
inhibit lipid absorption in senescence-accelerated prone mice (SAM-P8). All mice (N = 
70) were fed a normal diet containing 4 g soybean oil/100 g of diet for 6 months and 
then divided into 4 groups (n = 10 or 20/group): (1) Baseline group, euthanized at 6 
months old, (2) Control group, continued on a normal diet until 15 months old, (3) 
Moderate-fat diet group (MF) switched to a moderate-fat diet (8 g soybean oil/100 g of 
diet) until 15 months old, (4) MF + FO group, switched to a moderate-fat diet enriched 
with fish oil (6.4 g soybean oil + 1.6 g fish oil/100 g of diet) until 15 months old. The 
area under the curve for lipid absorption decreased with age, but lipid absorption tended 
to be less attenuated with a moderate-fat diet containing fish oil. mRNA levels of Apob, 
Fatp4, and Mttp in the small intestine decreased with age, but tended to be maintained 
with a moderate-fat diet, with or without fish oil. Histological analysis of the small 
intestine showed that villi degenerated with age, but that decline was less in mice in the 
MF + FO group. The results of this study suggest that a moderate-fat diet containing 
fish oil can inhibit the attenuation of lipid absorption commensurate with aging in 
SAM-P8 mice via a delay of the natural degeneration that occurs in small intestinal villi 
over time. 
 
Key words: aging ・ fish oil ・ lipid absorption ・ SAM-P8 ・ small intestine 
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3.2. Introduction 
Malnutrition is the severe problem in the elderly. In order to mitigate this, it is 
important that research is undertaken to investigate the dietary habits and nutrition of 
elderly populations. One cause of this is a decrease in the ability of the gastrointestinal 
tract to absorb nutrients [1]. In our previous study, the importance of dietary lipids was 
reported, as well as the alteration in the ability to absorb lipids with aging in normal 
mice; more specifically, we evaluated the attenuated ability of aged mice to absorb 
lipids [2]. We have also reported results about feeding a lipid-enriched, high-fat diet (14 
g fat/100 g of diet) to senescence-accelerated prone mice (SAM-P8) to reduce the 
decrement in lipid absorption capacity that occurs with aging. The high-fat diet 
inhibited degeneration of villi in the small intestine and delayed the attenuation of lipid 
absorption [3]. However, a high-fat diet during aging promoted lipid accumulation in 
serum and the liver. The mechanism for inhibiting both the attenuation of lipid 
absorption with age and lipid accumulation in serum and the liver is not yet understood 
and requires further investigation.  
A moderate-fat diet contains an intermediate level of lipids in contrast to a normal 
diet (4 g/100 g of diet) and high-fat diet (14 g/100 g of diet). Based on our previous 
research, we considered 8 g of fat/100 g of diet as a moderate-fat diet [3]. This diet is 
less likely to result in the unhealthy effects associated with high-fat diets [4, 5]. In this 
study, we focus on the effects of a moderate-fat diet. We hypothesize that this diet can 
inhibit the attenuation of lipid absorption with age and specific adverse effects such as 
lipid accumulation in serum and the liver. The potential benefit of including fish oil in 
the diet has been reported in numerous studies which show it can inhibit the 
accumulation of serum and liver lipids, as typically occurs with advancing age and a 
lipid-enriched diet [6, 7]. On this basis, we hypothesize that a lipid-enriched diet 
containing fish oil can inhibit the attenuation of lipid absorption that occurs with aging, 
as well as mitigate lipid accumulation in serum and the liver.  
Similar to our previous study, in this study we used a murine model developed in 
1981 at Kyoto University known as SAM-P8, one of various other senescence-prone 
inbred strains (SAM-P1, -P2, -P3, -P6, -P7, -P9, and -P10) that exist [8, 9]. The 
SAM-P8 mouse initially displays normal growth and then by 6 months of age its 
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senescence accelerates. In addition, this mouse is characterized by amyloidosis, immune 
function depression, and learning and memory dysfunction [10, 11]. The lifespan of 
SAM-P8 mice is approximately 1.5 years. These mice are widely used for the analysis 
of aging mechanisms and assessing dietary factors [3, 7, 12]. In this study, we use the 
SAM-P8 mice to assess the change in lipid absorption and biochemical parameters that 
occurs when they are fed diets containing different levels of fat (normal diet controls, 
moderate-fat diet and moderate-fat diet containing fish oil) at a time when they start to 
undergo a more rapid senescence (6 months of age). 
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3.3. Materials and methods 
Animals and diets 
All procedures were performed in accordance with the Animal Experiment 
Guidelines of Tohoku University. The animal protocol was approved by the Animal Use 
Committee at Tohoku University [13]. Eleven-week-old, male SAM-P8 mice (N = 70) 
were obtained from Japan SLC (Hamamatsu, Japan). After acclimation to a commercial 
diet (CE-2; CLEA Japan, Tokyo, Japan) for 1 week, the mice received a normal diet 
(AIN-93M) until they were 6 months of age, at which time they were randomly 
assigned to 1 of 4 groups: (1) Baseline group, euthanized at 6 months old, (2) Control 
group, continued on a normal diet until 15 months old, (3) Moderate-fat diet group 
(MF) switched to a moderate-fat diet (8 g soybean oil/100 g of diet) until 15 months old, 
(4) MF + FO group, switched to a moderate-fat diet enriched with fish oil (6.4 g 
soybean oil + 1.6 g fish oil/100 g of diet; a 4:1 ratio) until 15 months old. Because fish 
oil intake enhances lipoperoxidation, it must be used judiciously rather than in excess to 
avoid compromising longevity [7]. So the ratio of soybean oil and fish oil was 4:1, 
respectively. The dietary formulation is shown in Table 3.1. There were 20 mice per 
group, all of which were sacrificed at 15 months of age, except for the baseline group 
comprised of 10 mice which were euthanized after the initial 6 months on a normal diet. 
The mice were housed in individual cages with free access to the commercial diets and 
distilled water in a temperature- and humidity-controlled room with 12:12-h light-dark 
cycles [14].  
 
Oral fat tolerance tests  
After an overnight fast, mice aged 6 and 15 months were gavaged with 5 g of 
soybean oil per kg body weight in preparation for a fat tolerance test [3]. Blood samples 
were collected by cutting tissue from the tail tip and then massaging the tail. Serum 
triacylglycerol (TG) levels were measured at 0, 1, 2, 3, 4, 5, and 6 hours using an 
enzyme kit (Wako Pure Chemical, Osaka, Japan). Serum TG levels were determined 
using the TG kit (Wako Pure Chemical, Osaka, Japan), and the area under the curve for 
blood TG (AUC) was calculated. 
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Tissue collection 
Mice were weighed before being euthanized by decapitation. The brain, heart, lung, 
liver, pancreas, spleen, kidney, mesenteric adipose tissue, perirenal adipose tissue, 
epididymal adipose tissue, small intestine, and serum were collected and stored at 
−80 °C until assays were performed. 
 
mRNA levels analysis 
For real-time quantitative PCR (RT-qPCR), total RNA was isolated from the liver, 
pancreas, and small intestine using an RNeasy Mini Kit (Qiagen, Valencia, CA) [15, 16], 
eluted with 40–100 µL RNase-free water, and stored at −80 °C until use. mRNA levels 
for actin beta, cytoplasmic (Actb), apolipoprotein B (Apob), CD36 antigen (CD36), 
colipase (Clps), cholesterol 7α-hydroxylase (Cyp7a1), diacylglycerol O-acyltransferase 
1 (Dgat1), diacylglycerol O-acyltransferase 2 (Dgat2), fatty acid-binding protein 2 
(Fabp2), fatty acid transport protein 4 (Fatp4), monoacylglycerol O-acyltransferase 2 
(Mgat2), microsomal triglyceride transfer protein (Mttp), cyclin-dependent kinase 
inhibitor 2A (p16), cyclin-dependent kinase inhibitor 1A (p21), pancreatic lipase-related 
protein 2 (Plrp2), pancreatic lipase (Ptl), and sirtuin 1 (Sirt1) in the liver, pancreas, and 
small intestine were determined with a Thermal Cycler Dice Real Time System
®
 
(Takara Bio, Otsu, Japan). This system allows real-time quantitative detection of PCR 
products by measuring the increase in fluorescence caused by the binding of SYBR 
green to double-stranded DNA [16, 17]. In brief, cDNA was made using Prime Script
®
 
RT Master Mix (Perfect Real Time) (Takara Bio, Otsu, Japan) from total RNA in the 
liver, pancreas, and small intestine. The cDNA was subjected to PCR amplification 
using SYBR
® 
Premix Ex Taq
TM
 (Perfect Real Time) (Takara Bio, Otsu, Japan) and 
gene-specific primers for Actb, Apob, CD36, Clps, Cyp7a1, Dgat1, Dgat2, Fabp2, 
Fatp4, Mgat2, Mttp, p16, p21, Plrp2, Ptl, or Sirt1 (Table 3.2). The qPCR amplification 
was performed with an activation step at 95 °C for 10 s, followed by 40 cycles at 95 °C 
for 5 s (denaturation) and 60 °C for 31 s (annealing), and a dissociation stage at 95 °C 
for 15 s, 60°C for 30 s, and 95 °C for 15 s for each gene. Melting curve analysis was 
performed following each reaction to confirm the presence of only a single reaction 
product. Actb mRNA levels were used to normalize the results [18]. 
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Western blot analysis 
Western blot analysis was performed using antibodies that specifically recognize 
proteins including apolipoprotein B (APOB), fatty acid transport protein 4 (FATP4), 
microsomal triglyceride transfer protein (MTTP), and actin beta, cytoplasmic (β-actin) 
as described previously [19]. Small intestines were homogenized, proteins were 
extracted, and 10 μg of extracted protein was loaded for sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblot analysis. Protein 
bands were subsequently transferred to polyvinylidene fluoride membranes (Bio-Rad 
Laboratories, Hercules, CA). After blocking nonspecific sites, the membrane was 
probed with primary antibodies, followed by a horseradish peroxidase-conjugated 
secondary antibody (Abcam, Cambridge, MA). Detection of antibody reactions was 
performed with ECL Western blotting detection reagents (GE Healthcare, Little 
Chalfont, UK). Each band was normalized using the corresponding value of β-actin as 
an internal control. The antibodies used were β-actin [primary antibody (Abcam, mouse 
monoclonal) dilution was 1:10000, secondary antibody (Abcam, rabbit polyclonal 
anti-mouse) dilution was 1:2000], APOB [primary antibody (Abcam, rabbit polyclonal) 
dilution is 1:1000, secondary antibody (Abcam, goat polyclonal anti-rabbit) dilution 
was 1:4000], FATP4 [primary antibody (Abcam, rabbit monoclonal) dilution was 
1:2000, secondary antibody (Abcam, goat polyclonal anti-rabbit) dilution was 1:4000], 
and MTTP [primary antibody (Abcam, rabbit polyclonal) dilution was 1:2000, 
secondary antibody (Abcam, goat polyclonal anti-rabbit) dilution was 1:4000]. Reaction 
times were at room temperature for 1 h for all antibodies. 
 
Histology 
For the histological analysis of the liver and small intestine (the boundary between 
the duodenum and jejunum), the tissues of each mouse were fixed in 10% formalin and 
embedded in paraffin [20]. Vertical sections were cut, mounted on a glass slide, stained 
with hematoxylin and eosin, and observed using a microscope (BZ-9000; Keyence, 
Osaka, Japan). Lipid droplet size per unit area in liver tissue sections was calculated 
using image analysis software (BZ-9000; Keyence, Osaka, Japan). We took 8 pictures 
in random order per sample and calculated the proportion of oil droplet area per picture 
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area. We performed the same operation in 8 pictures and calculated the mean of the 8 
results: the mean was defined as droplet size per unit area. The length of the villi in the 
small intestine was measured using image analysis software (BZ-9000; Keyence, Osaka, 
Japan). 
 
Biochemical analyses of serum and liver tissue 
Serum and liver lipid compositions were measured as described previously [21. 22]. 
TG and total cholesterol (TC) in serum and the liver, and phospholipid (PL), glucose, 
alanine aminotransferase (ALT), and aspartate transaminase (AST) in the serum were 
measured using commercial enzyme kits (Wako Pure Chemical, Osaka, Japan) 
according to the manufacturer’s protocol. Insulin was determined using ELISA kits 
(Shibayagi, Shibukawa, Japan) [22]. PL in the liver was determined using the method 
described by Rouser [23]. Thiobarbituric acid-reactive substances (TBARS) in the 
serum and liver were measured as described previously [24, 25]. 
 
Statistical analyses 
All statistical analyses were performed using Ekuseru-Toukei 2012 (SSRI, Tokyo, 
Japan). Results were expressed as means ± standard error (SE). Data were analyzed by a 
one-way ANOVA with a Tukey-Kramer posthoc test. A difference was considered to be 
significant at P < 0.05. 
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Table 3.1. Diet formulations (g per 100 g of diet). 
 Normal diet 
(Baseline and 
Control) 
Moderate-fat diet 
(MF) 
Moderate-fat diet containing fish oil 
(MF + FO) 
 
Corn starch 46.5692 42.5692 42.5692 
Milk casein 14.0 14.0 14.0 
α-Corn starch 15.5 15.5 15.5 
Sucrose 10.0 10.0 10.0 
Soybean oil 4.0 8.0 6.4 
Fish oil 0 0 1.6 
Cellulose 5.0 5.0 5.0 
Mineral mix (AIN-93M-MX) 3.5 3.5 3.5 
Vitamin mix (AIN-93VX) 1.0 1.0 1.0 
L-cystine 0.18 0.18 0.18 
Choline bitartrate 0.25 0.25 0.25 
t-Butylhydroquinone 0.0008 0.0008 0.0008 
Energy (kcal/100 g) 380 400 400 
Baseline = normal diet (until 6 months old); Control = normal diet (until 15 months old); MF = normal diet 
(until 6 months old) then switched to moderate-fat diet (until 15 months old); MF + FO = normal diet (until 
6 months old) then switched to moderate-fat diet containing fish oil (until 15 months old). 
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Table 3.2. Primer pairs used for the quantitative RT-PCR analysis. 
Genbank ID Target gene Primer Primer sequence (5’–3') 
NM_007393 Actb F GAAATCGTGCGTGACATCAAAG 
  R TGTAGTTTCATGGATGCCACAG 
NM_009693 Apob F TTGGCAAACTGCATAGCATCC 
  R TCAAATTGGGACTCTCCTTTAGC 
NM_001159556 CD36 F ATGGGCTGTGATCGGAACTG 
  R GTCTTCCCAATAAGCATGTCTCC 
NM_025469 Clps F GCTCTTGCCTTCTGCTGTCTGA 
  R ATGGCGCCGATGATGCTCCTGT 
NM_007824 Cyp7a1 F GGGATTGCTGTGGTAGTGAGC 
  R GGTATGGAATCAACCCGTTGTC 
NM_010046 Dgat1 F GTGCCATCGTCTGCAAGATTC 
  R GCATCACCACACACCAATTCAG 
NM_026384 Dgat2 F TTCCTGGCATAAGGCCCTATT 
  R CCTCCAGACATCAGGTACTCG 
NM_007980 Fabp2 F AGAGGAAGCTTGGAGCTCATGACA 
  R TCGCTTGGCCTCAACTCCTTCATA 
NM_011989 Fatp4 F TGAGATGGCCTCAGCTATCTG 
  R TGCCCGATGTGTAGATGTAGAA 
NM_177448 Mgat2 F TCTTCCAGTACAGCTTTGGCCTCA 
  R TGATATAGCGCTGATGAAGCCGGT 
NM_008642 Mttp F AGTGCAGTTCTCACAGTACCCGTT 
  R AGCATATCGTTCTGGTGGAAGGGA 
NM_009877 p16 F GCTCAACTACGGTGCAGATTC 
  R TCGCACGATGTCTTGATGTC 
NM_001111099 p21 F CCTGGTGATGTCCGACCTG 
  R CCATGAGCGCATCGCAATC 
NM_011128 Plrp2 F ATGCCTATGGATGTCCGTGGA 
  R TGCCCAGGGCTTGTCATTG 
NM_026925 Ptl F CTGGGAGCAGTAGCTGGAAG 
  R AGCGGGTGTTGATCTGTGC 
NM_019812 Sirt1 F GACGATGACAGAACGTCACAC 
  R CGAGGATCGGTGCCAATCA 
Actb, actin beta, cytoplasmic; Apob, apolipoprotein B; CD36, CD36 antigen; Clps, colipase; Cyp7a1, 
cholesterol 7α-hydroxylase; Dgat1, diacylglycerol O-acyltransferase 1; Dgat2, diacylglycerol 
O-acyltransferase 2; Fabp2, fatty acid-binding protein 2; Fatp4, fatty acid transport protein 4; Mgat2, 
monoacylglycerol O-acyltransferase 2; Mttp, microsomal triglyceride transfer protein; p16, 
cyclin-dependent kinase inhibitor 2A; p21, cyclin-dependent kinase inhibitor 1A; Plrp2, pancreatic 
lipase-rerated protein; Ptl, pancreatic lipase; Sirt1, sirtuin1. 
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3.4. Results 
Animals 
During the course of the study, 9 mice in the control group, 10 mice in the MF group, 
and 11 mice in the MF + FO group died, leaving 11, 10, and 9 mice, respectively for 
euthanization and tissue collection. All 10 mice in the baseline group survived until the 
age of 6 months and are included in the analysis.  
 
Oral fat tolerance test 
The results of the fat tolerance tests show that serum TG concentrations gradually 
increased in mice (all groups); TG concentrations peaked after 4–5 h (Figure 3.1A). The 
baseline group had numerically higher concentrations of serum TGs than the control 
group with the only differences pertaining to a comparatively older age and prolonged 
exposure to the diet in the control group. No significant differences were detected 
among groups based on direct TG concentration comparisons. However, a significant 
decrease was detected in the AUC normalized by serum the TG concentration measured 
at 0 h (∆AUC) in the control group compared with the baseline group (Figure 3.1B). 
There was no significant difference in the ∆AUC in the MF group compared with the 
control group, but an increase approaching but not reaching significance in ∆AUC in 
the MF + FO group compared with the control group (P = 0.06).  
 
Growth parameters 
The effects of a normal diet and a moderate-fat diet with and without fish oil on body 
weight, food intake, and tissue weights were examined (Table 3.3). There was a 
significant increase in body weight and a significant decrease in food and calorie intake 
in mice that lived 9 months longer (control, MF, and MF + FO groups) compared with 
the baseline group euthanized at 6 months, but there were no differences for these 
parameters among all groups of mice that lived 15 months. Liver, brain, and pancreas 
weights changed with age, but all the diets (normal, MF, or MF + FO) had similar 
effects. Aging in the control group appeared to have no significant effect on heart, lung, 
spleen, kidney, and white adipose tissue weights compared with the baseline group.  
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Senescence indicators in the liver, pancreas, and small intestine 
The effect of dietary fats on the age-related decline in lipid absorption was evaluated 
by measuring senescence indicators (p16, p21, and Sirt1 mRNA levels) in the liver, 
pancreas, and small intestine (Table 3.4). Hepatic p16 mRNA levels in the control 
group significantly increased compared with the baseline group of mice and the MF and 
MF + FO groups. Among all groups, p16 mRNA levels in the small intestine was 
significantly higher in the MF + FO diet than in the baseline group, but otherwise 
similar among groups. p21 mRNA levels in the small intestine was only significantly 
different between the MF group and the baseline and control groups, the latter which 
had comparatively lower values. There was a significant age-related decrease in Sirt1 
mRNA levels in the liver but not in the small intestinal tissue which only revealed a 
significant increase in the MF group compared with the control group. 
 
mRNA levels of lipid absorption-related genes in the liver, pancreas, and small intestine  
mRNA levels of lipid absorption-related genes in the liver, pancreas, and small 
intestine were measured (Table 3.5). There was a significant decrease in Cyp7a1 mRNA 
in the control group compared to the baseline group. No significant difference in the 
expression of Cyp7a1 mRNA was observed in the livers of mice in the MF and MF + 
FO groups compared with the control group. Clps, Plrp2, and Ptl mRNA levels was not 
significantly different in the control group compared with the baseline group. mRNA 
levels of Apob in the small intestines of mice in the control group was significantly 
decreased compared with the baseline group, whereas Apob in the MF and MF + FO 
groups were 276% and 210% of the total Apob expressed in the control group, but the 
increase was not statistically significant. However, there was a significant decrease in 
Fatp4 in the control group compared with the baseline group. Fatp4 in the MF and MF 
+ FO groups was 395% and 305% of that in the control group but the differences were 
not significant. There was a significant decrease in Mttp mRNA levels in the control 
group compared with the baseline group; Mttp mRNA in the MF and MF + FO groups 
were 248% and 280% of that in the control group, but again the difference was not 
statistically significant. CD36, Dgat1, Dgat2, Fabp2, and Mgat2 mRNA levels in the 
control group compared with the baseline group were not significantly different.  
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APOB, FATP4, and MTTP protein levels 
The protein levels of APOB, FATP4, and MTTP were measured by western blot 
analysis (Figure 3.2). There was no significant difference in APOB and MTTP 
expression in the control group compared with the baseline group. FATP4 in the control 
group was 73% of that of baseline group, showing a tendency for a decrease with older 
age. There was no significant difference in FATP4 between the MF group and the 
control group, and the increase of this protein in the MF + FO group did not reach 
significance (p = 0.12).  
 
Histological analysis in small intestine 
A histological analysis of the small intestine, which is important for lipid absorption, 
was performed (Figure 3.3A). The small intestinal villi were observed to have shortened 
or degenerated in the older control group compared with the younger baseline group, 
both of which consumed a normal diet. The lengths of villi in the small intestines of the 
MF and MF + FO groups of mice were longer compared with the control group, 
particularly in the MF + FO group which had villi as long as those in the baseline group 
of mice. A comparison of small intestinal villi length among groups is shown in Figure 
3.3B. Villi lengths in the small intestines of the older control group of mice were 
significantly shorter compared with those of the younger baseline group. Also, there 
was a significant increase in the lengths of villi in the small intestines of the MF and MF 
+ FO groups compared with the control group, but the increase in villi length in the MF 
+ FO group compared with the baseline group was not significant.  
 
Biochemical analyses in serum and the liver 
The effect of both moderate-fat diets on serum and the liver were assessed via 
biochemical analyses (Table 3.6). No significant difference was evident in terms of 
serum TG concentrations in the control group compared with the baseline group. 
However, there was a significant increase in serum TC and PL concentrations in the 
control group compared with the baseline group, but no significant difference in serum 
concentrations of TC and PL in the MF and MF + FO groups compared with the control 
group. Serum glucose and insulin concentrations in the control group were not 
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significantly different compared with the baseline group. Serum TBARS in the control 
group were significantly increased compared with the baseline group, but there was no 
significant difference between MF and MF + FO groups for TBARs compared with the 
control group. Serum ALT and AST values, which can be indicators of liver function, 
were significantly increased in the control and MF groups compared with the baseline 
group; however, there were no significant differences in these liver enzymes in the 
serum of the MF group of mice compared with control group, but a significant decrease 
did occur in the MF + FO group compared with the control group. Liver TGs 
significantly increased in the control, MF and MF + FO groups compared with the 
baseline group, but there were no significant differences in the MF and MF + FO groups 
compared with the control group. A significant increase in liver TC occurred in the 
control group compared with the baseline group, but no difference was observed 
between the MF group and the control group. The MF + FO group had a significantly 
lower liver TC compared with the control group. Liver PLs were significantly decreased 
in the control, MF and MF + FO groups versus the baseline group, but there was no 
significant difference in liver PLs among the MF, MF + FO and control groups. Liver 
TBARS decreased significantly in the control group compared with the baseline group, 
and there was a significant increase in the liver TBARS in the MF and MF + FO groups 
compared to the control group. 
The liver histological analysis (Figure 3.4A, B) showed more oil droplets in the liver 
of the control group mice compared with mice in the baseline group. Oil droplets 
slightly decreased in the MF group and the MF + FO group compared with the control 
group and these were lower in MF + FO group than MF group. Lipid droplet size per 
unit area in liver was calculated (Figure 3.4C). There was a significant increase in lipid 
droplet size per unit area in the control. MF and MF + FO groups compared to the 
baseline group. But, there was a significant decrease in lipid droplet size per unit area in 
the MF and MF + FO groups compared to the control group and the value of MF + FO 
group was lower than that of MF group.
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Figure 3.1. Effects of aging on the ability to absorb lipids in SAM-P8 mice. Oral fat 
tolerance test (A), and the change in area under the curve (∆AUC) (as compared with 0 
h value) (B). Values are means ± SE, n = 9–11. Different letters indicate significant 
differences, p < 0.05. Baseline = normal diet (until 6 months old); Control = normal diet 
(until 15 months old); MF = normal diet (until 6 months old) then switched to 
moderate-fat diet (until 15 months old); MF + FO = normal diet (until 6 months old) 
then switched to moderate-fat diet containing fish oil (until 15 months old). 
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Table 3.3. Growth parameters in mice. 
 Baseline Control MF MF + FO 
Body weight (g) 31.3 ± 1.3
a
 37.8 ± 1.6
b
 38.1 ± 1.7
b
 41.2 ± 1.0
b
 
Food intake (g/day) 3.97 ± 0.09
b
 3.53 ± 0.08
a
 3.42 ± 0.08
a
 3.37 ± 0.05
a
 
Caloric intake (kcal/day) 15.1 ± 0.3
b
 13.4 ± 0.3
a
 13.7 ± 0.3
a
 13.5 ± 0.2
a
 
Tissue weight (g/100 g body weight)     
Brain 1.51 ± 0.06
b
 1.21 ± 0.06
a
 1.18 ± 0.05
a
 1.10 ± 0.03
a
 
Heart 0.50 ± 0.01
b
 0.46 ± 0.02
ab
 0.43 ± 0.01
a
 0.41 ± 0.01
a
 
Lung 0.82 ± 0.07 0.76 ± 0.08 0.78 ± 0.05 0.87 ± 0.10 
Liver 4.21 ± 0.14
a
 5.54 ± 0.27
b
 5.24 ± 0.23
ab
 4.50 ± 0.23
ab
 
Pancreas 0.76 ± 0.03
b
 0.35 ± 0.04
a
 0.40 ± 0.02
a
 0.38 ± 0.01
a
 
Spleen 0.39 ± 0.03 0.46 ± 0.03 0.37 ± 0.02 0.50 ± 0.04 
Kidney 1.41 ± 0.06
b
 1.28 ± 0.06
ab
 1.20 ± 0.03
a
 1.24 ± 0.04
ab
 
White adipose tissue weight     
Mesenteric 1.39 ± 0.14 1.36 ± 0.14 1.40 ± 0.10 1.80 ± 0.09 
Perirenal 1.14 ± 0.11
a
 1.86 ± 0.23
ab
 2.04 ± 0.26
b
 2.35 ± 0.10
b
 
Epididymal 2.78 ± 0.26 2.12 ± 0.32 2.74 ± 0.34 2.22 ± 0.37 
Total 5.32 ± 0.49 5.34 ± 0.47 6.06 ± 0.61 6.37 ± 0.34 
Values are means ± SE, n = 9-11. Different letters indicate significant differences, p < 0.05. 
Baseline = normal diet (until 6 months old); Control = normal diet (until 15 months old); MF = normal diet 
(until 6 months old) then switched to moderate-fat diet (until 15 months old); MF + FO = normal diet (until 6 
months old) then switched to moderate-fat diet containing fish oil (until 15 months old). 
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Table 3.4. Senescence indicators in mice. 
 Baseline Control MF MF + FO 
 
p16 mRNA levels 
(Ratio) 
Liver  1.00 ± 0.13
a
 2.57 ± 0.23
b
 1.72 ± 0.23
a
 1.51 ± 0.18
a
 
Pancreas  1.00 ± 0.26 1.09 ± 0.27 0.87 ± 0.16 0.81 ± 0.27 
Small intestine  1.00 ± 0.22
a
 5.21 ± 0.90
ab
 6.14 ± 1.69
ab
 6.74 ± 2.21
b
 
p21 mRNA levels     
Liver  1.00 ± 0.22 1.55 ± 0.18 1.41 ± 0.17 1.27 ± 0.09 
Pancreas  1.00 ± 0.26 0.89 ± 0.20 1.25 ± 0.27 0.69 ± 0.21 
Small intestine  1.00 ± 0.06
a
 1.01 ± 0.10
a
 1.35 ± 0.09
b
 1.23 ± 0.07
ab
 
Sirt1 mRNA levels     
Liver  1.00 ± 0.04
b
 0.61 ± 0.03
a
 0.65 ± 0.04
a
 0.68 ± 0.03
a
 
Pancreas  1.00 ± 0.25 0.45 ± 0.08 0.62 ± 0.09 0.53 ± 0.16 
Small intestine  1.00 ± 0.09
ab
 0.58 ± 0.09
a
 1.20 ± 0.17
b
 0.89 ± 0.14
ab
 
Values are means ± SE, n = 9-11. Different letters indicate significant differences, p < 0.05. 
p16, cyclin-dependent kinase inhibitor 2A; p21, cyclin-dependent kinase inhibitor 1A; Sirt1, 
sirtuin1. 
Baseline = normal diet (until 6 months old); Control = normal diet (until 15 months old); MF = 
normal diet (until 6 months old) then switched to moderate-fat diet (until 15 months old); MF + 
FO = normal diet (until 6 months old) then switched to moderate-fat diet containing fish oil (until 
15 months old). 
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Table 3.5. mRNA levels for lipid absorption-related genes in the liver, pancreas and small 
intestines of mice. 
 Baseline Control MF MF + FO 
 
Liver 
(Ratio) 
Cyp7a1  1.00 ± 0.18
b
 0.38 ± 0.09
a
 0.48 ± 0.10
a
 0.40 ± 0.08
a
 
Pancreas     
Clps  1.00 ± 0.30 0.65 ± 0.17 0.94 ± 0.18 0.72 ± 0.29 
Plrp2  1.00 ± 0.28 0.58 ± 0.17 0.73 ± 0.14 0.60 ± 0.24 
 Ptl  1.00 ± 0.30 0.47 ± 0.14 0.65 ± 0.12 0.48 ± 0.20 
Small intestine     
Apob  1.00 ± 0.12
b
 0.29 ± 0.07
a
 0.80 ± 0.20
ab
 0.61 ± 0.16
ab
 
CD36  1.00 ± 0.15
ab
 0.72 ± 0.06
a
 1.70 ± 0.31
b
 1.19 ± 0.16
ab
 
Dgat1  1.00 ± 0.09 0.80 ± 0.20 1.39 ± 0.23 0.83 ± 0.11 
Dgat2  1.00 ± 0.17 0.60 ± 0.13 1.10 ± 0.18 0.75 ± 0.10 
Fabp2  1.00 ± 0.08
a
 0.84 ± 0.11
a
 1.04 ± 0.11
a
 1.48 ± 0.13
b
 
Fatp4  1.00 ± 0.12
b
 0.22 ± 0.04
a
 0.87 ± 0.25
ab
 0.67 ± 0.18
ab
 
Mgat2  1.00 ± 0.09 0.51 ± 0.11 1.18 ± 0.28 0.67 ± 0.16 
 Mttp  1.00 ± 0.15
b
 0.25 ± 0.04
a
 0.62 ± 0.16
ab
 0.70 ± 0.19
ab
 
Values are means ± SE, n = 9-11. Different letters indicate significant differences, p < 0.05. 
Cyp7a1, cholesterol 7α-hydroxylase; Clps, colipase; Plrp2, pancreatic lipase-related protein; 
Ptl, pancreatic lipase; Apob, apolipoprotein B; CD36, CD36 antigen; Dgat1, diacylglycerol 
O-acyltransferase 1; Dgat2, diacylglycerol O-acyltransferase 2; Fabp2, fatty acid-binding 
protein 2; Fatp4, fatty acid transport protein 4; FO, fish oil; MF, moderate-fat; Mgat2, 
monoacylglycerol O-acyltransferase 2; Mttp, microsomal triglyceride transfer protein. 
Baseline = normal diet (until 6 months old); Control = normal diet (until 15 months old); MF 
= normal diet (until 6 months old) then switched to moderate-fat diet (until 15 months old); 
MF + FO = normal diet (until 6 months old) then switched to moderate-fat diet containing fish 
oil (until 15 months old). 
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Figure 3.2. Protein levels of APOB (A), FATP4 (B), and MTTP (C) in the small 
intestines of mice. Expression was measured using western blotting. The actin content 
in the sample was used to normalize the results. Values are means ± SE, n = 8–10. 
Baseline = normal diet (until 6 months old); Control = normal diet (until 15 months 
old); MF = normal diet (until 6 months old) then switched to moderate-fat diet (until 15 
months old); MF + FO = normal diet (until 6 months) then switched to moderate-fat diet 
containing fish oil (until 15 months old). 
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Figure 3.3. Histology of the small intestines of SAM-P8 mice using hematoxylin and 
eosin staining. Small intestine images (A). Lengths of villi in the small intestines of 
mice (B). Values are means ± SE, n = 4. Different letters indicate significant differences, 
p < 0.05. Baseline = normal diet (until 6 months old); Control = normal diet (until 15 
months old); MF = normal diet (until 6 months old) then switched to moderate-fat diet 
(until 15 months old); MF + FO = normal diet (until 6 months old) then switched to 
moderate-fat diet containing fish oil (until 15 months old). 
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Table 3.6. Biochemical parameters in serum and the liver of mice. 
 Baseline Control MF MF + FO 
Serum     
TG (mmol/L) 1.41 ± 0.16 1.44 ± 0.11 1.16 ± 0.06 1.24 ± 0.06 
TC (mmol/L) 2.69 ± 0.16
a
 4.06 ± 0.33
b
 3.37 ± 0.33
ab
 3.35 ± 0.19
ab
 
PL (mmol/L) 2.38 ± 0.12
a
 3.73 ± 0.31
b
 3.00 ± 0.26
ab
 2.94 ± 0.16
ab
 
Glucose (mmol/L) 11.9 ± 0.7
b
 9.16 ± 0.19
ab
 8.50 ± 1.11
a
 11.0 ± 0.5
ab
 
Insulin (ng/mL) 0.42 ± 0.07
a
 0.58 ± 0.08
a
 0.74 ± 0.09
ab
 0.94 ± 0.12
b
 
TBARS (µmol/L) 6.11 ± 0.57
a
 10.0 ± 1.0
b
 9.00 ± 1.03
ab
 8.56 ± 0.65
ab
 
ALT (IU/L) 5.73 ± 0.79
a
 31.5 ± 4.5
c
 21.5 ± 3.7
bc
 14.5 ± 1.4
ab
 
AST (IU/L) 34.2 ± 3.3
a
 90.2 ± 10.8
c
 76.2 ± 8.0
bc
 59.5 ± 3.6
ab
 
Liver     
TG (µmol/g tissue) 72.8 ± 9.8
a
 126 ± 7
b
 111 ± 11
b
 111 ± 6
b
 
TC (µmol/g tissue) 17.6 ± 1.9
a
 31.9 ± 2.3
b
 24.7 ± 3.0
ab
 22.2 ± 1.9
a
 
PL (µmol/g tissue) 36.8 ± 1.7
b
 30.0 ± 1.0
a
 29.9 ± 1.3
a
 31.2 ± 1.0
a
 
TBARS (nmol/g tissue) 73.9 ± 6.8
b
 39.8 ± 2.8
a
 57.2 ± 4.3
b
 66.4 ± 2.8
b
 
Values are means ± SE, n = 9-11. Different letters indicate significant differences, p < 0.05. 
TG, triacylglycerol; TC, total cholesterol; PL, phospholipid; TBARS, thiobarbituric acid 
reactive substances; ALT, alanine aminotransferase; AST, aspartate transaminase. 
Baseline = normal diet (until 6 months old); Control = normal diet (until 15 months old); MF 
= normal diet (until 6 months old) then switched to moderate-fat diet (until 15 months old); 
MF + FO = normal diet (until 6 months old) then switched to moderate-fat diet containing 
fish oil (until 15 months old). 
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Figure 3.4. Histology of the livers of SAM-P8 mice using hematoxylin and eosin 
staining. Images of liver sections (A). Images enlarged x4 (B). Lipid droplet size per 
unit area in liver (C). Values are means ± SE, n = 4. Different letters indicate significant 
differences, p < 0.05. Baseline = normal diet (until 6 months old); Control = normal diet 
(until 15 months old); MF = normal diet (until 6 months old) then switched to 
moderate-fat diet (until 15 months old); MF + FO = normal diet (until 6 months old) 
then switched to moderate-fat diet containing fish oil (until 15 months old). 
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3.5. Discussion 
In this study, we examined the lipid-absorbing potential of the villi in the small 
intestine associated with various dietary combinations of fat during aging in SAM-P8 
mice. Via oral fat tolerance tests, we were able to show that the ∆AUC for lipid 
absorption decreased with age, but did not significantly change in the MF + FO group 
compared with 6-month-old mice fed a normal diet, whereas the ∆AUC was 
significantly lower in the 15-month-old MF group unlike the group fed fish oil (MF + 
FO). The amount of dietary lipids and the fish oil component are considered important 
to the retention of lipid absorbing capabilities during aging. Previous studies which used 
young mice and rats (age range, 4–5 weeks) showed an increase in lipid absorption 
with a lipid-enriched diet over approximately 3 weeks, the enrichment was in the 
vicinity of 7- to 13-fold higher than a normal diet [26, 27]. In our previous study, a 
long-term lipid-enriched diet that contained a 4-fold higher fat content than a normal 
diet was able to combat the natural decline in lipid absorption due to aging [3]. It was 
uncertain if a moderate-fat diet, like that used in this study, could influence lipid 
absorption because it contained only 2-fold more lipids than a normal diet. However, a 
moderate-fat diet containing fish oil was able to inhibit the decline in lipid absorption 
that occurs with age. In the previous study, 20-day-old rats which had developed short 
gut syndrome— resulting in compromised nutrient absorption—were fed a diet 
containing fish oil for 7 days and their ability to absorb lipids improved [28]. Although 
short-term fish oil intake has been shown to increase lipid absorption, for the first time 
in this study we show that a moderate-fat diet containing fish oil can reduce the usual 
decline in lipid absorption that typically occurs with advancing age. 
To examine the effect of a moderate-fat diet containing fish oil during senescence on 
tissues involved in lipid absorption (liver, pancreas, and small intestine), mRNA levels 
of p16, p21, and Sirt1, known indicators of senescence, were assessed (Table 3.4). p16 
and p21 are cyclin-dependent kinase inhibitors that function to inhibit cell growth when 
activated and their expression increases with age [29]. Sirt1 is the gene of longevity and 
its expression declines with age [29, 30]. In this study, p16 mRNA levels in the liver 
increased with age, but that increase was attenuated by a moderate-fat diet, with or 
without fish oil. This suggests a potential benefit of both moderate-fat diets in relation 
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to preserving liver function with age. The same benefits for these moderate-fat diets did 
not extend to p21 mRNA levels which did not change and Sirt1 mRNA levels were 
unaffected by the diets and decreased with age, as in the control. 
mRNA levels results for lipid absorption-related genes (Table 3.5) revealed that 
Cyp7a1, which is crucial for bile acid synthesis in the liver, decreased with age and a 
moderate-fat diet containing fish oil could not attenuate that decline [31]. Clps, Plrp2 
and Ptl, which are required for efficient TG hydrolysis in the pancreas [32], were not 
significant difference. Small intestine mRNA levels of Apob, Fatp4, and Mttp that 
transport the lipids and play a role to incorporate lipids into chylomicrons decreased 
with age [26, 33]. On the other hand, a moderate-fat diet with or without fish oil did not 
decline relative to the younger baseline group, showed a moderate improvement over 
the normal control diet for 15 months, but the effect did not reach significance. This 
result showed that mRNA levels of Apob, Fatp4, and Mttp in the small intestine 
decreased with advancing age, but the moderate-fat diet with or without fish oil was not 
affected by aging in these mRNA levels. APOB, FATP4, and MTTP were measured 
(Figure 3.2) and we noted that FATP4 was inclined to decrease with age, but that 
decrease tended to be less for mice that received the moderate-fat diet containing fish oil, 
although the difference did not reach significance. In previous studies in which young 
mice and rats consumed a lipid-enriched diet for a brief time, or were administered 
drugs to induce an increase or a decrease in lipid absorption, the expression of Apob, 
Fatp4, and Mttp as well as the corresponding proteins in the small intestine reflected 
those changes accordingly [26, 33]. This suggests that these lipid absorption-related 
changes in Apob, Fatp4, and Mttp do occur and a moderate-fat diet containing fish oil 
may have the potential to minimize age-related changes in lipid absorption. However, 
there was no significant difference in these parameters between MF and MF + FO, and 
this result did not reflect oral fat tolerance test. So, to further elucidate the potential 
mechanism underpinning the retention of lipid absorption ability following exposure to 
a moderate-fat diet containing fish oil, we investigated the histology of the small 
intestine, an important site for lipid absorption [3] (Figure 3.3). Overall nutrient 
absorption in the small intestine is highly dependent on villi, and we observed that the 
lengths of villi at this site decreased with age as part of the degenerative process. 
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Moreover, the surface area of villi decreases due to age-related degeneration and this 
phenomenon is largely implicated in the lowering of nutrient absorption during 
senescence [34]. However, that degeneration was slightly mitigated by feeding mice a 
moderate-fat diet containing fish oil, such that the histological findings were on parity 
with the younger baseline mice.  
We examined body composition and biochemical parameters of serum and the liver 
in mice (Tables 3.3 and 3.6) and we show that the marked changes in body composition 
that typically accompany advancing age were not evident in the mice fed a moderate-fat 
diet, with or without fish oil [3]. Also, both moderate-fat diets had no effect on certain 
serum parameters measured compared with the advanced age mice. Serum ALT and 
AST concentrations, which are indicative of liver function and have been shown to 
increase with age [35, 36], increased with age in the mice fed a normal diet and a 
moderate-fat diet relative to the baseline mice, but did not change in response to a 
moderate-fat diet containing fish oil. In a study of nepionic, fat-1 transgenic mice which 
are able to synthesize n-3 fatty acids, serum ALT and AST concentrations decreased 
compared with wild-type mice [37]. This suggested that fish oil which is abundant in 
n-3 fatty acids mainly inhibited increases in serum ALT and AST with age. Liver 
TBARS which are indicative of oxidative stress, decreased with age but both 
moderate-fat diets had concentrations in tissue similar to the young baseline mice. We 
speculate that hepatic fatty acid β-oxidation may be implicated in this result, as this 
process generates hydrogen peroxide, a reactive oxygen species (ROS) which increases 
tissue TBARS [38, 39]. The decrease in fatty acid β-oxidation with age has been 
reported previously [40]. Based on some parameters discussed earlier (p16 mRNA, 
serum ALT, and AST), age-related changes in liver function were minimized by a 
moderate-fat diet containing fish oil. In addition, both moderate-fat diets in this study 
contained more n-3 fatty acids than did the normal diet which can result in an increase 
β-oxidation in vivo [41]. This suggests that a moderate-fat diet, with or without fish oil, 
increases β-oxidation during senescence, but not to an extent that exceeds the liver 
TBARS in young mice. In the liver, TGs and PLs changed with advancing age, but were 
unaffected by the diets. Liver TC increased with age, but the increase resulting from a 
moderate-fat diet with fish oil was significantly less than that for a normal diet. This 
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result is in keeping with previous studies which reported that liver TC accumulates with 
age and decreases in response to fish oil consumption in aged mice [7, 42]. Based on the 
histological analysis of liver tissue, the number of oil droplets corresponded with liver 
TC concentrations and the moderate-fat diet containing fish oil inhibited liver lipid 
accumulation compared with advanced age mice (Figure 3.4A, B). Moreover, lipid 
droplet size increased with aging, but moderate-fat diet and moderate-fat diet containing 
fish oil inhibited this effect (Figure 3.4C). So, the accumulation of lipid droplet in liver 
with aging was inhibited by these diets. And, the effect of moderate-fat diet containing 
fish oil may be slightly stronger than moderate-fat diet. This suggested that moderate-fat 
diet did not have the negative effects in body composition and serum and liver 
parameters that grow worse with advanced age. In addition, a moderate-fat diet 
containing fish oil in our study improved liver function and minimized liver TC 
accumulation despite advancing age. Previous studies have shown that fish oil intake 
inhibits serum and liver TG accumulation [6, 7]; however, we could not confirm this in 
our study. The beneficial effects reported previously may pertain to feeding rodents a 
diet in which more than 50% of the total dietary lipid content was comprised of fish oil 
[6, 7]. However, because fish oil intake enhances lipoperoxidation, it must be used 
judiciously rather than in excess to avoid compromising longevity [7]. Based on that 
rationale, we only replaced 20% of the total dietary lipids with fish oil, which was a 
much lower substitution than for other previous studies and it may contribute to 
explaining the differences in serum and liver parameters between our study and others 
using far greater amounts of fish oil. 
In this study, we did not investigate the effects of a normal-fat diet containing fish oil. 
When we started this study, we hypothesized that a lipid-enriched diet inhibited the 
attenuation of lipid absorption ability with aging, based on the results of our previous 
study [2]. We focused on a moderate-fat diet and a moderate-fat diet containing fish oil 
to prevent lipid accumulation in serum and liver associated with a lipid-enriched diet. 
We did not use fish oil alone to inhibit the age-associated attenuation of lipid absorption, 
but fish oil was used to inhibit lipid accumulation in serum and liver otherwise 
associated with a lipid-enriched diet. Moreover, fish oil alone has not appeared to be 
beneficial in elderly individuals because a normal fat diet containing fish oil has been 
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associated with enhanced lipoperoxidation and earlier death [7]. Therefore, we did not 
include a group of mice fed a normal diet containing fish oil. However, in this study, 
only a moderate-fat diet containing fish oil appeared to attenuate aging-related lipid 
absorption impairment, so we got interested in whether this effect was induced by only 
fish oil or by both fish oil and a moderate-fat diet. From the previous study, we 
hypothesized that fish oil alone countered aging-associated decreases in the ability to 
absorb lipids [28]. However, the relationship of this point to aging is not yet understood: 
therefore, we will investigate this in a further study. 
In this study, feeding a moderate-fat diet containing fish oil to mice during 
senescence slowed the decline in lipid absorption that tends to occur with advancing age, 
an effect made possible by the attenuated degeneration of villi in the small intestine. 
Moreover, this diet did not result in a deterioration of various parameters known to 
change during the aging process. While caution is advised when generalizing on the 
basis of a mouse study, our findings lead us to speculate that a moderate-fat diet 
containing fish oil may be beneficial for the elderly population because it appears to 
contribute to the maintenance of liver function during aging when liver TC accumulates. 
In the future, an additional study to further investigate ways by which dietary 
modifications could be refined to optimize lipid absorption during senescence, when 
metabolic function naturally declines, is warranted. We envisage a novel approach 
whereby a new diet, one that increases dietary lipids in small increments in accordance 
with the progression of aging, may have health benefits, and we see merit in also 
studying the effects of an adequate fish oil intake [43]. 
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Chapter 4: The effect of moderate-fat diet enriched with fish oil on gut microbiota 
change due to aging 
 
4.1. Abstract 
Gut microbiota change with aging and diet. In a previous study, it was shown that a 
moderate-fat diet enriched with fish oil had beneficial effects for elderly patients, so we 
examined the effect of this diet on aging-related changes in gut microbiota in this study. 
We used 3-month-old male senescence-accelerated prone mice (SAMP8). The mice 
were fed a normal diet containing 4 g soybean oil/100 g of diet for 6 months and then 
divided into 4 groups: (1) the Baseline group, ended breeding at 6 months old; (2) the 
Control group, continued on a normal diet until 15 months old; (3) the MF group, 
switched to a moderate-fat diet until 15 months old; and (4) the MF + FO group, 
switched to a moderate-fat diet enriched with fish oil until 15 months old. When mice 
were 6 or 15 months old, fecal samples were collected and gut microbiota analysis was 
performed. Gut microbiota analysis at the genus level showed that bacteria known to 
increase in association with fatty liver and intestinal inflammation increased with aging 
such as Clostridium, Parabacteroides and Sutterella. However, this alteration was 
largely inhibited by the moderate-fat diet enriched with fish oil. On the other hand, there 
was a decrease with aging in the bacteria that play a role in energy consumption, but 
this alteration was inhibited by the moderate-fat diet enriched with fish oil. These 
results suggest that a moderate-fat diet enriched with fish oil has beneficial effects on 
gut microbiota in aging. 
 
Key words: aging ・ dietary lipid ・ fish oil ・ gut microbiota ・ SAMP8 
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4.2. Introduction 
Senescence comprises age-related changes in physiological function, and depresses 
tissue functions such as lipid metabolism in liver and gastrointestinal absorption of 
nutrients [1-4]. These changes induce fatty liver and malnutrition in the elderly and 
decrease their quality of life. Therefore, it is important to explore the ways in which to 
inhibit these age-related phenomena, and various studies have been performed [5, 6]. 
We have focused on diets that inhibit the age-related attenuation of gastrointestinal 
absorption of nutrients as one way to delay senescence. Recently, we showed that lipid 
absorption ability decreased with aging in mice [4]. We also showed that a high-fat diet 
inhibited the attenuation of age-related lipid absorption in senescence-accelerated mice 
(SAMP8) [6]. However, this diet strongly induced lipid accumulation in serum and liver. 
This suggested that a high-fat diet facilitated the aging-related development of 
arteriosclerosis and fatty liver. Therefore, we focused on a moderate-fat diet with a lipid 
content lower than the high-fat diet, and on fish oil, which can inhibit lipid 
accumulation induced by a lipid-enriched diet such as a high-fat diet, to inhibit the 
aging-related attenuation of lipid absorption and to inhibit lipid accumulation. The 
moderate-fat diet enriched with fish oil inhibited the aging-related attenuation of lipid 
absorption [7]. Moreover, this diet did not have negative effects on biochemical 
parameters known to grow worse with aging. In addition, this diet inhibited 
aging-related liver function depression and liver total cholesterol accumulation. These 
results suggest that a moderate-fat diet enriched with fish oil is a beneficial diet for the 
elderly. We are also interested in the other effects of this diet on the senescence 
phenotype. 
Recently, gut microbiota alteration has drawn attention as a change that occurs with 
aging, and it has been observed in humans and mice. In a recent study, the gut 
microbiota of healthy Japanese people between 0 and 104 years of age were analyzed by 
using a next-generation sequencer [8]. It was shown that elderly people had different gut 
microbiota from young people. In particular, organisms of the phylum Actinobacteria 
(e.g. bifidobacteria) decreased and those of the phylum Proteobacteria (e.g. Escherichia 
coli) increased in elderly people compared with young people. In addition, the alteration 
of gut microbiota correlated with those of certain biochemical parameters [9, 10]. These 
results suggest that the attenuation of vital function and the alteration of gut microbiota 
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with aging are closely related. Therefore, it is thought that gut microbiota would change 
when age-related alterations of biochemical parameters are improved by certain 
elements. 
It is known that diet can greatly affect gut microbiota. For example, Lactobacillus 
and Bifidobacteria organisms, which have beneficial effects for hosts, increase and 
disease-related microbes such as Escherichia coli decrease with fermented soybean food 
intake [11]. In addition, organisms of the phylum Bacteroidetes decreased and those of 
the phylum Firmicutes increased when obesity was induced by the consumption of a 
high-fat diet [12]. Moreover, gut microbiota differ among elderly people due to 
differences in their diet, and in particular, elderly people who eat much dietary fiber 
have highly diverse gut microbiota [13]. This suggested that the gut microbiota undergo 
a further change beyond that of aging due to the difference in diets. 
We became interested in the effects of a moderate-fat diet enriched with fish oil, 
which has beneficial effects for the elderly on gut microbiota [7]. In this study, we used 
the mice (SAMP8) and the diets used in the previous study. We used SAMP8. SAM was 
developed in 1981 at Kyoto University and there are various senescence-prone inbred 
strains (SAMP1, P2, P3, P6, P7, P8, P9, P10) [14, 15]. The SAMP8 shows normal 
growth and then senescence progresses from 6 months of age. In addition, this mouse 
exhibits aging amyloidosis, the attenuation of immune function and cognitive 
dysfunction [16, 17]. A lifespan of SAMP8 is approximately 1.5 years and these mice 
are widely used for analysis of mechanisms of aging and dietary functions [18, 19]. In 
addition, it is known that gut microbiota of SAMP8 are related to their cognitive 
dysfunction. SAMP8 has low Chao 1 index and Shannon index which are indicators of 
diversity and Ruminococcaceae and Christensenellaceae compared with normal mice. 
In addition, cognitive impairment is caused by transplanting feces of SAMP 8 to 
normal mice [20]. However, analysis of gut microbiota of SAMP8 has recently begun 
and there are few things which are known. So, further studies are needed to enough 
explain the characteristic aging phenotype of SAMP8 from the point of gut microbiota.  
We examined how the age-related alteration of gut microbiota is affected by a 
moderate-fat diet enriched with fish oil, and the effects of this change. First, we 
examined the alteration of gut microbiota of older mice compared with younger mice. 
Then, we examined how this phenomenon changes with diet. Heretofore, little was 
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known about the alteration of gut microbiota with both aging and diet. In this study, we 
will provide new knowledge about the relationship of aging, diets and gut microbiota. 
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4.3. Materials and methods 
Animals and diets [7] 
All procedures were performed in accordance with the Animal Experiment 
Guidelines of Tohoku University. The animal protocol was approved by the Animal Use 
Committee at Tohoku University [21]. Eleven-week-old male SAMP8 (N = 70) were 
obtained from Japan SLC (Hamamatsu, Japan). After acclimation to a commercial diet 
(CE-2; CLEA Japan, Tokyo, Japan) for 1 week, the mice were fed a normal diet 
(AIN-93M) until they were 6 months of age, at which time they were randomly 
assigned to 1 of 4 groups: (1) the Baseline group, ended breeding at 6 months old; (2) 
the Control group, continued on a normal diet until 15 months old; (3) the MF group, 
switched to a moderate-fat diet (8 g soybean oil/100 g of diet) until 15 months old; and 
(4) the MF + FO group, switched to a moderate-fat diet enriched with fish oil (6.4 g 
soybean oil + 1.6 g fish oil/100 g of diet at a 4:1 ratio) until 15 months old. Because fish 
oil intake enhances lipoperoxidation, it must be used judiciously rather than in excess to 
avoid compromising longevity [18]. Therefore, a ratio of soybean oil to fish oil of 4:1 
was chosen. The dietary composition is shown in Table 4.1. There were 20 mice per 
group, all of which were bred until 15 months of age except for the baseline group, 
comprised of 10 mice, which ended breeding after the initial 6 months on a normal diet. 
The mice were housed in individual cages with free access to the commercial diets and 
distilled water in a temperature- and humidity-controlled room with 12:12-h light-dark 
cycles [22]. 
 
Thiobarbituric acid reactive substances assay 
To examine oxidative stress caused by aging, the levels of thiobarbituric acid reactive 
substances (TBARS) in small intestine were measured as described previously [23, 24]. 
 
mRNA expression analysis 
For real-time quantitative reverse transcriptase PCR (qRT-PCR), total RNA was 
isolated from small intestine using an RNeasy Mini Kit (Qiagen, Valencia, CA) [2, 25], 
eluted with 40-60 µL RNase-free water, and stored at -80°C until use. To quantify the 
expression levels of genes, mRNA levels for actin beta, cytoplasmic (Actb), 
BCL2-associated X protein (Bax), glutathione peroxidase (Gpx), superoxide dismutase 
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1 (Sod1), superoxide dismutase 2 (Sod2) and tumor necrosis factor α (TNFα) in small 
intestine were determined with a CFX Connect
TM 
real-time PCR Detection System 
(Bio-Rad Laboratories, Hercules, CA). This system allows real-time quantitative 
detection of PCR products by measuring the increase in fluorescence caused by binding 
of SYBR green to double-stranded DNA. In brief, cDNA was made using Prime Script
®
 
RT Master Mix (Perfect Real Time) (Takara Bio, Otsu, Japan) from total RNA in small 
intestine. The cDNA was subjected to PCR amplification using SYBR
® 
Premix Ex 
Taq
TM
 (Perfect Real Time) (Takara Bio, Otsu, Japan) and gene-specific primers for Actb, 
Bax, Gpx, Sod1, Sod2 or TNFα (Table 4.2). The PCR amplification was performed with 
an activation step at 95
o
C for 10 s, followed by 40 cycles at 95
o
C for 5 s (denaturation) 
and 60
o
C for 31 s (extension), and a dissociation stage at 95
o
C for 15 s, 65
o
C for 30 s 
and 95
o
C for 15 s for each gene. Melting curve analysis was performed following each 
reaction to confirm the presence of only a single reaction product. The threshold cycle 
represents the PCR cycle at which an increase in reporter fluorescence above a baseline 
signal can first be detected. The ratio between the Actb content in standard samples and 
test samples was defined as the normalization factor [26]. 
 
Gut microbiota analysis 
Fecal samples were collected and stored at −80 °C until assays were performed. The 
fecal samples were pooled in each group. The DNA of intestinal bacteria was extracted 
from the fecal samples, the gene encoding 16S rRNA was amplified by PCR, and the 
composition of intestinal bacteria in the feces was examined by meta-16S analysis. 
DNA was extracted from fecal samples with a QIAmp DNA Stool Mini Kit (Qiagen, 
Valencia, CA). The V3-V4 region of the bacterial 16S rRNA gene was amplified by 
PCR with the Takara Bio kit (Takara Bio, Otsu, Japan) and the primer sets 341F 
(5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGC
AG-3’) and 806R 
(5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTW
TCTAAT-3’). The PCR amplification was performed with a preheating step at 94°C for 
1 min, followed by 28 cycles at 98°C for 10 s (denaturation), 50°C for 15 s (annealing) 
and 68°C for 15 s (extension). We verified the amplified DNA based on PCR product 
size using the Mupid kit (Mupid, Tokyo, Japan). The PCR products were amplified 
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using the barcoded primers adapted for the Nextera XT Index Kit (Illumina, Tokyo, 
Japan). The PCR amplification was performed with a preheating step at 94°C for 1 min, 
followed by 8 cycles at 98°C for 10 s (denaturation), 60°C for 15 s (annealing), and 
68°C for 15 s (extension). Metagenomics analysis was performed by Takara Bio 
(Takara Bio, Otsu, Japan). They used QIIME software version 1.8.0 for analysis 
(http://quiime.org/). First, OTU picking was performed. The lead obtained by 
sequence analysis was assembled by using CD-HIT-OUT [27]. Clustering was 
performed with homology of 97% in the obtained assemble sequences, and 
representative sequences were selected. The lineage classification in these 
representative sequences was classified by using RDP classifier [28]. And then, they 
classified by using Green genes 16S rRNA sequence database and analyzed gut 
microbiota in phylum and genus level [29]. Moreover, they align representative 
sequences of Green genes 16S rRNA sequence by using PyNAST [30]. Based on the 
information of the aligned sequence, a phylogenetic tree of representative sequence was 
created by using FastTree [31]. They created OTU Table by using this information. 
Unifrac distance was figured by using OTU Table and the phylogenetic tree data of 
representative sequence and then, they performed Unifrac principal coordinate analysis 
(PCoA) by creating Unifrac distance matrix. 
 
Statistical analyses 
Statistical analyses for TBARS and mRNA levels were performed using 
Ekuseru-Toukei 2012 (SSRI, Tokyo, Japan). Results were expressed as means ± 
standard error (SE). Data were analyzed by a one-way ANOVA with a Tukey-Kramer 
posthoc test. A difference was considered to be significant at P < 0.05. 
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Table 4.1. Diet composition (g per 100 g of diet) for SAMP8. 
 Normal diet Moderate-fat diet Moderate-fat diet enriched with fish oil 
Corn starch 46.5692 42.5692 42.5692 
Milk casein 14.0 14.0 14.0 
α-Corn starch 15.5 15.5 15.5 
Sucrose 10.0 10.0 10.0 
Soybean oil 4.0 8.0 6.4 
Fish oil 0 0 1.6 
Cellulose 5.0 5.0 5.0 
Mineral mix (AIN-93M-MX) 3.5 3.5 3.5 
Vitamin mix (AIN-93VX) 1.0 1.0 1.0 
L-cystine 0.18 0.18 0.18 
Choline bitartrate 0.25 0.25 0.25 
t-Butylhydroquinone 0.0008 0.0008 0.0008 
Energy (kcal/100 g) 380 400 400 
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Table 4.2. Primer pairs used for the quantitative RT-PCR analysis. 
Genbank ID Target gene Primer Primer sequence (5’–3') 
NM_007393 Actb F GAAATCGTGCGTGACATCAAAG 
  R TGTAGTTTCATGGATGCCACAG 
NM_007527 Bax F  TGAAGACAGGGGCCTTTTTG 
  R AATTCGCCGGAGACACTCG 
NM_008160 Gpx F AGTCCACCGTGTATGCCTTCT 
  R GAGACGCGACATTCTCAATGA 
NM_011434 Sod1 F AACCAGTTGTGTTGTCAGGAC 
  R CCACCATGTTTCTTAGAGTGAGG 
NM_013671 Sod2 F CAGACCTGCCTTACGACTATGG 
  R CTCGGTGGCGTTGAGATTGTT 
NM_013693 TNFα F ATGAGCACAGAAAGCATGATC 
  R TACAGGCTTGTCACTCGAATT 
Actb, actin beta, cytoplasmic; Bax, BCL2-associated X protein; Gpx, glutathione peroxidase; Sod1, 
superoxide dismutase 1; Sod2, superoxide dismutase 2; TNFα, tumor necrosis factor α. 
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4.4. Results 
Animals [7] 
During the course of the study, 9 mice in the control group, 10 mice in the MF group, 
and 11 mice in the MF + FO group died, leaving 11, 10, and 9 mice respectively for 
fecal sample collection. All 10 mice in the baseline group survived until the age of 6 
months and are included in the analysis. 
 
Senescence indicators for small intestine 
To confirm the progression of senescence in the gut of 15 months old SAMP8, 
oxidative and anti-oxidative markers, inflammation markers and apoptosis markers in 
the small intestine were examined. We measured TBARS levels and Gpx, Sod1 and 
Sod2 mRNA expression which are oxidative or anti oxidative markers, TNFα mRNA 
expression which is inflammation marker and Bax mRNA expression which is apoptosis 
marker in the small intestine (Table 4.3). There was no significant difference in TBARS 
levels in Control group compared with Baseline group. There was no significant 
difference in Gpx and Sod1 mRNA levels in Control group compared with Baseline 
group, but a significant increase in Sod2 mRNA levels in Control group compared with 
Baseline group. TNFα mRNA levels showed a tendency for an increase in Control 
group compared with Baseline group (P = 0.08). There was a significant increase in Bax 
mRNA levels in Control group compared with Baseline group. There was no significant 
difference in all parameters in MF and MF + FO group compared with Control group. 
This suggested that the small intestine of 15 months old SAMP8 showed senescence 
progression. 
 
Outline of gut microbiota in each group 
In this study, the sample number was one in each group because the fecal samples 
were pooled in each group. First, a UniFrac principal coordinate analysis (PCoA) was 
performed. We performed unweighted (Figure 4.1A) and weighted (Figure 4.1B) 
UniFrac PCoA. 
In the unweighted UniFrac PCoA, PC1 explained 49.5% of variation and PC2 
explained 28.3% of variation. PC1 and PC2 explained 77.8% of variation. The plot of 
the control group transferred from the negative sense to the positive sense on the 
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horizontal axis (PC1) compared with the baseline group, but the plot of the control 
group did not transfer very much on the vertical axis (PC2) compared with the Baseline 
group. The plot of the MF group transferred very little on the horizontal axis (PC1) 
compared with the Control group, but the plot of the MF group transferred from the 
positive sense to the negative sense on the vertical axis (PC2) compared with the 
Control group. The plot of the MF + FO group did not transfer on the horizontal axis 
(PC1) compared with the MF group, but the plot of the MF + FO group transferred from 
the negative sense to the positive sense on the vertical axis (PC2) compared with the 
MF group.  
On the other hand, in the weighted UniFrac PCoA, PC1 explained 70.5% of variation 
and PC2 explained 13.9% of variation. PC1 and PC2 explained 84.4% of variation. The 
plot of the Control group transferred from a low value to a high value on the horizontal 
axis (PC1) compared with the Baseline group. The plot of the Control group transferred 
from the negative sense to the positive sense along the vertical axis (PC2) compared 
with the Baseline group, but this was not a remarkable change. The plot of the MF 
group transferred from the negative sense to the positive sense on the horizontal axis 
(PC1) and to a higher value on the vertical axis (PC2) compared with the Control group. 
The plot of the MF + FO group did not transfer on the horizontal axis (PC1) compared 
with the MF group, but the plot of the MF + FO group transferred from the positive 
sense to the negative sense on the vertical axis (PC2) compared with the MF group. 
These results suggest that the gut microbiota not only changed with aging but 
underwent a further change due to the alteration of the amount of lipid and the lipid 
composition in the diets. 
 
Analysis of gut microbiota at the phylum level 
We performed an analysis of the gut microbiota at the phylum level (Table 4.4). We 
detected 6 phyla, and the phyla Bacteroidetes, Firmicutes and Proteobacteria accounted 
for most of the gut microbiota in each group. Organisms of the phylum Actinobacteria 
in the Control group decreased compared with the Baseline group and those in the MF 
group decreased compared with the Control group, but those in the MF + FO group 
increased compared with the MF group. Organisms of the phylum Bacteroidetes in the 
Control group decreased compared with the Baseline group, and those in the MF group 
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decreased compared with the Control group, and those in the MF + FO group decreased 
compared with the MF group. Organisms of the phylum Deferribacteres in the Control 
group increased compared with the baseline group, those in the MF group decreased 
compared with the Control group, and those in the MF + FO group increased compared 
with the MF group. Organisms of the phylum Firmicutes in the Control group decreased 
compared with the Baseline group, those in the MF group decreased compared with the 
Control group, but those in the MF + FO group increased compared with the MF group. 
Organisms of the phylum Proteobacteria in the Control group increased compared with 
the Baseline group, those in the MF group increased compared with the Control group, 
but those in the MF + FO group decreased compared with the MF group. Organisms of 
the phylum Verrucomicrobia in the Control group increased compared with the Baseline 
group, those in the MF group increased compared with the Control group, but those in 
the MF + FO group decreased compared with the MF group. These results suggest that 
gut microbiota at the phylum level changed with aging, and underwent a further change 
due to the moderate-fat diet and to the moderate-fat diet enriched with fish oil intake. 
 
Analysis of gut microbiota at the genus level 
In this study, 44 species of bacteria were detected in an analysis of gut microbiota at 
the genus level (Table 4.5). We selected bacteria that more than doubled or halved in 
the Control group compared with the Baseline group (change with aging). Fifteen 
species of bacteria were selected, which we grouped by their aging-dependent and 
diet-dependent alteration patterns: 6 groups were produced (Table 4.6). In Group 1 
(Escherichia), the bacteria in the Control group increased compared with the Baseline 
group, and those in the MF group increased compared with the Control group, but those 
in the MF + FO group decreased compared with the MF group. In Group 2 
(Allobaculum, Enterobacteriaceae; Other), the bacteria in the Control group increased 
compared with the Baseline group, those in the MF group increased compared with the 
Control group, and those in the MF + FO group increased compared with the MF group. 
In Group 3 (Bacteroidales; f__; g__, Clostridium, Enterococcaceae; Other Lactococcus, 
Parabacteroides, Sutterella), the bacteria in the Control group increased compared with 
the Baseline group, those in the MF group decreased compared with the Control group, 
and those in the MF + FO group decreased compared with the MF group. In Group 4 
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([Ruminococcus], Ruminococcaceae; g__), the bacteria in the Control group increased 
compared with the Baseline group, those in the MF group decreased compared with the 
Control group, and those in the MF + FO group increased compared with the MF group. 
In Group 5 (Lachnospiraceae; Other, Rikenellaceae; Other), the bacteria in the Control 
group decreased compared with the Baseline group, those in the MF group decreased 
compared with the Control group, but those in the MF + FO group increased compared 
with the MF group. In Group 6 (Ruminococcaceae; Other, Ruminococcus), the bacteria 
in the Control group decreased compared with the Baseline group, those in the MF 
group increased compared with the Control group, and those in the MF + FO group 
increased compared with the MF group. 
Moreover, in the previous study, we examined the effects of aging and diets on 
various biochemical parameters (Table 4.7) [7]. We compared the aforementioned 
bacteria groups to the biochemical parameters that showed significant differences with 
aging (Baseline vs Control) in the previous study. We compared these biochemical 
parameters across gut microbiota that had similar aging- and diet-related alteration 
patterns (Figure 4.2, 3, 4, 5, 6). We found that the aging- and diet-related alteration 
patterns of group 1 and 4 bacteria were not similar to any of the aging and diet-related 
changes in biochemical parameters. The alteration pattern of group 2 bacteria 
(Allobaculum, Enterobacteriaceae; Other) was similar to that of body weight (Figure 
4.2). The alteration pattern of group 3 bacteria (Bacteroidales; f__; g__, Clostridium, 
Enterococcaceae; Other, Lactococcus, Parabacteroides, Sutterella) was similar to those 
of serum total cholesterol (TC), phospholipids (PL), thiobarbituric acid-reactive 
substances (TBARS), alanine aminotransferase (ALT), and aspartate aminotransferase 
(AST); and liver triacylglycerol (TG) and TC (Figure 4.3, 4). The alteration pattern of 
group 5 bacteria (Lachnospiraceae; Other, Rikenellaceae; Other) was similar to that of 
liver PL (Figure 4.5). The alteration pattern of group 6 bacteria (Ruminococcaceae; 
Other, Ruminococcus) was similar to those of the change in area under the curve (as 
compared with 0 h value) for lipid absorption (ΔAUC) and liver TBARS (Figure 4.6). 
These results suggested that there were age-related changes in the gut microbiota at the 
genus level, and the gut microbiota underwent further change with a moderate-fat diet 
and with a moderate-fat diet enriched with fish oil intake. In addition, we showed that 
the gut microbiota was related to various biochemical parameters. 
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Figure 4.1. UniFrac clustering for each group. Unweighted (A) and weighted (B) 
UniFrac principal coordinate analysis of gut microbiota from mice samples. 
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Table 4.3. Small intestine TBARS levels and mRNA levels for various markers in the small intestines 
of mice. 
 Baseline Control MF MF + FO 
TBARS (nmol/g tissue) 68.8 ± 6.5 58.2 ± 7.2 55.4 ± 6.9 67.4 ± 7.7 
mRNA levels     
 Oxidation and antioxidation marker     
  Gpx (Ratio) 1.00 ± 0.12
a
 1.38 ± 0.14
ab
 1.93 ± 0.26
b
 1.44 ± 0.06
ab
 
 Sod1 (Ratio) 1.00 ± 0.08 0.97 ± 0.03 1.24 ± 0.09 1.24 ± 0.06 
 Sod2 (Ratio) 1.00 ± 0.07
a
 1.29 ± 0.05
b
 1.48 ± 0.10
b
 1.20 ± 0.07
ab
 
Inflammation marker     
 TNFα (Ratio) 1.00 ± 0.24 2.90 ± 0.84 1.31 ± 0.22 1.49 ± 0.29 
Apoptosis marker     
 Bax (Ratio) 1.00 ± 0.11
a
 1.95 ± 0.22
b
 2.29 ± 0.37
b
 1.82 ± 0.27
ab
 
Values are means ± SE, n = 9-11. Different letters indicate significant differences, p < 0.05. 
Bax, BCL2-associated X protein; Gpx, glutathione peroxidase; Sod1, superoxide dismutase 1; Sod2, 
superoxide dismutase 2; TBARS, thiobarbituric acid reactive substances; TNFα, tumor necrosis factor 
α. 
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Table 4.4. The relative abundance of gut microbiota in phylum. 
Taxon Baseline Control MF MF + FO 
 Ratio (%) 
Actinobacteria 1.97 1.28 0.49 3.70 
Bacteroidetes 43.0 36.6 28.0 17.6 
Deferribacteres 2.42 3.89 1.15 4.41 
Firmicutes 38.6 32.7 24.5 33.6 
Proteobacteria 13.1 25.4 44.5 39.8 
Verrucomicrobia 0.00 0.07 1.36 0.98 
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Table 4.5. The relative abundance of gut microbiota in all genus. 
Taxon Baseline Control MF MF + FO 
                     Ratio (%) 
Acinetobacter 0.00 0.00 0.00 4.40 
Adlercreutzia 0.00 0.00 0.01 0.00 
Akkermansia 0.00 0.07 1.36 0.98 
Allobaculum 0.10 0.19 0.20 0.64 
Anaerotruncus 0.44 0.37 0.40 0.28 
Bacteroidales; f__; g__ 1.83 8.04 2.64 1.38 
Bacteroides 23.2 12.9 13.7 7.59 
Bifidobacterium 1.97 1.27 0.49 3.70 
Bilophila 0.01 0.00 0.00 0.00 
Butyricicoccus 0.01 0.00 0.00 0.00 
Clostridiaceae; Other 0.62 0.48 0.30 0.36 
Clostridiales; Other; Other 2.70 4.92 11.1 16.7 
Clostridiales; f__; g__ 9.68 10.8 1.94 2.91 
Clostridium 0.03 0.27 0.26 0.01 
Coprococcus 0.70 0.38 0.28 0.37 
Dehalobacterium 0.22 0.20 0.23 0.28 
Desulfovibrio 0.08 0.07 0.03 0.04 
Desulfovibrionaceae; g__ 12.9 16.4 10.3 12.4 
Enterobacteriaceae; Other 0.01 0.99 9.82 20.7 
Enterococcaceae; Other 0.03 1.36 0.51 0.19 
Escherichia 0.01 7.84 24.0 2.23 
Jeotgalicoccus 0.00 0.04 0.00 0.02 
[Ruminococcus] 0.07 0.24 0.07 0.24 
Lachnospiraceae; g__ 1.03 0.85 0.22 0.48 
Lachnospiraceae; Other 13.2 4.27 3.72 3.94 
Lactobacillus 1.45 2.62 2.12 1.92 
Lactococcus 0.01 0.10 0.05 0.03 
[Mogibacteriaceae]; g__ 0.00 0.00 0.01 0.00 
Mucispirillum 2.42 3.89 1.15 4.41 
Oscillospira 6.68 3.70 2.52 3.58 
Parabacteroides 0.59 4.76 0.90 0.74 
Peptococcaceae; g__ 0.01 0.00 0.00 0.00 
Phascolarctobacterium 0.00 0.00 0.00 0.00 
[Prevotella] 9.50 4.82 5.14 2.86 
Proteus 0.00 0.00 0.23 0.01 
Rikenellaceae; g__ 2.33 1.41 0.84 1.59 
Rikenellaceae; Other 0.02 0.00 0.00 0.01 
Ruminococcaceae; g__ 0.36 1.35 0.20 1.14 
Ruminococcaceae; Other 0.38 0.06 0.15 0.19 
Ruminococcus 0.34 0.07 0.15 0.25 
S24-7; g__ 6.55 4.72 4.77 3.39 
Staphylococcus 0.00 0.01 0.00 0.00 
Sutterella 0.02 0.15 0.10 0.01 
Turicibacter 0.53 0.42 0.05 0.06 
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Table 4.6. The relative abundance of gut microbiota in genus. 
Taxon Baseline Control MF MF + FO Group 
 Ratio (%)  
Escherichia 0.01 7.84 24.0 2.23 Group 1 
Allobaculum 0.10 0.19 0.20 0.64 
Group 2 
Enterobacteriaceae; Other 0.01 0.99 9.82 20.7 
Bacteroidales; f__; g__ 1.83 8.04 2.64 1.38 
Group 3 
Clostridium 0.03 0.27 0.26 0.01 
Enterococcaceae; Other 0.03 1.36 0.51 0.19 
Lactococcus 0.01 0.10 0.05 0.03 
Parabacteroides 0.59 4.76 0.90 0.74 
Sutterella 0.02 0.15 0.10 0.01 
[Ruminococcus] 0.07 0.24 0.07 0.24 
Group 4 
Ruminococcaceae; g__ 0.36 1.35 0.20 1.14 
Lachnospiraceae; Other 13.2 4.27 3.72 3.94 
Group 5 
Rikenellaceae; Other 0.02 0.00 0.00 0.01 
Ruminococcaceae; Other 0.38 0.06 0.15 0.19 
Group 6 
Ruminococcus 0.34 0.07 0.15 0.25 
List of gut microbiota transcripts with more than 2-fold difference in ratio between Baseline and Control. 
Grouped gut microbiota by method of changes of relative abundance. 
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Table 4.7. Various parameters in SAMP8. 
 Baseline Control MF MF + FO 
Growth parameters     
Body weight (g) 31.3 ± 1.3
a
 37.8 ± 1.6
b
 38.1 ± 1.7
b
 41.2 ± 1.0
b
 
Food intake (g/day) 3.97 ± 0.09
b
 3.53 ± 0.08
a
 3.42 ± 0.08
a
 3.37 ± 0.05
a
 
Caloric intake (kcal/day) 15.1 ± 0.3
b
 13.4 ± 0.3
a
 13.7 ± 0.3
a
 13.5 ± 0.2
a
 
Tissue weight (g/100 g body weight)     
Brain 1.51 ± 0.06
b
 1.21 ± 0.06
a
 1.18 ± 0.05
a
 1.10 ± 0.03
a
 
Heart 0.50 ± 0.01
b
 0.46 ± 0.02
ab
 0.43 ± 0.01
a
 0.41 ± 0.01
a
 
Lung 0.82 ± 0.07 0.76 ± 0.08 0.78 ± 0.05 0.87 ± 0.10 
Liver 4.21 ± 0.14
a
 5.54 ± 0.27
b
 5.24 ± 0.23
ab
 4.50 ± 0.23
ab
 
Pancreas 0.76 ± 0.03
b
 0.35 ± 0.04
a
 0.40 ± 0.02
a
 0.38 ± 0.01
a
 
Spleen 0.39 ± 0.03 0.46 ± 0.03 0.37 ± 0.02 0.50 ± 0.04 
Kidney 1.41 ± 0.06
b
 1.28 ± 0.06
ab
 1.20 ± 0.03
a
 1.24 ± 0.04
ab
 
White adipose tissue weight     
Mesenteric 1.39 ± 0.14 1.36 ± 0.14 1.40 ± 0.10 1.80 ± 0.09 
Perirenal 1.14 ± 0.11
a
 1.86 ± 0.23
ab
 2.04 ± 0.26
b
 2.35 ± 0.10
b
 
Epididymal 2.78 ± 0.26 2.12 ± 0.32 2.74 ± 0.34 2.22 ± 0.37 
Total 5.32 ± 0.49 5.34 ± 0.47 6.06 ± 0.61 6.37 ± 0.34 
Biochemical parameters     
Serum     
TG (mmol/L) 1.41 ± 0.16 1.44 ± 0.11 1.16 ± 0.06 1.24 ± 0.06 
TC (mmol/L) 2.69 ± 0.16
a
 4.06 ± 0.33
b
 3.37 ± 0.33
ab
 3.35 ± 0.19
ab
 
PL (mmol/L) 2.38 ± 0.12
a
 3.73 ± 0.31
b
 3.00 ± 0.26
ab
 2.94 ± 0.16
ab
 
Glucose (mmol/L) 11.9 ± 0.7
b
 9.16 ± 0.19
ab
 8.50 ± 1.11
a
 11.0 ± 0.5
ab
 
Insulin (ng/mL) 0.42 ± 0.07
a
 0.58 ± 0.08
a
 0.74 ± 0.09
ab
 0.94 ± 0.12
b
 
TBARS (µmol/L) 6.11 ± 0.57
a
 10.0 ± 1.0
b
 9.00 ± 1.03
ab
 8.56 ± 0.65
ab
 
ALT (IU/L) 5.73 ± 0.79
a
 31.5 ± 4.5
c
 21.5 ± 3.7
bc
 14.5 ± 1.4
ab
 
AST (IU/L) 34.2 ± 3.3
a
 90.2 ± 10.8
c
 76.2 ± 8.0
bc
 59.5 ± 3.6
ab
 
Liver     
TG (µmol/g tissue) 72.8 ± 9.8
a
 126 ± 7
b
 111 ± 11
b
 111 ± 6
b
 
TC (µmol/g tissue) 17.6 ± 1.9
a
 31.9 ± 2.3
b
 24.7 ± 3.0
ab
 22.2 ± 1.9
a
 
PL (µmol/g tissue) 36.8 ± 1.7
b
 30.0 ± 1.0
a
 29.9 ± 1.3
a
 31.2 ± 1.0
a
 
TBARS (nmol/g tissue) 73.9 ± 6.8
b
 39.8 ± 2.8
a
 57.2 ± 4.3
b
 66.4 ± 2.8
b
 
Lipid absorption ability parameter     
ΔAUC（Δmmol/L*hr） 10.7 ± 1.59
b
 5.46 ± 0.53
a
 5.60 ± 0.83
a
 9.06 ± 1.08
ab
 
Values are means ± SE, n = 9-11, different letters indicate significant differences, p < 0.05. 
TG, triacylglycerol; TC, total cholesterol; PL, phospholipid; TBARS, thiobarbituric acid reactive 
substances; ALT, alanine aminotransferase; AST, aspartate transaminase; ΔAUC, the change in area under 
the curve (as compared with 0 h value) for lipid absorption. 
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Figure 4.2. Bacteria of group 2 and a biochemical parameter with a pattern of alteration 
similar to those bacteria. Allobaculum (A), Enterobacteriaceae; Other (B) and body 
weight (C). Values are means ± SE, n = 9–11, different letters indicate significant 
differences, p < 0.05 (C). 
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Figure 4.3. Bacteria of group 3. Bacteroidales; f__; g__ (A), Clostridium (B), 
Enterococcaceae; Other (C), Lactococcus (D), Parabacteroides (E) and Sutterella (F). 
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Figure 4.4. Biochemical parameters that had a pattern of alteration similar to bacteria of 
group 3. Liver weight (A), Serum TC (B), PL (C), TBARS (D), ALT (E), AST (F), liver 
TG (G) and TC (H). Values are means ± SE, n = 9–11, different letters indicate 
significant differences, p < 0.05. ALT = alanine aminotransferase; AST = aspartate 
aminotransferase; PL = phospholipids; TBARS = thiobarbituric acid-reactive 
substances; TC = total cholesterol; TG = triacylglycerol. 
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Figure 4.5. Bacteria of group 5 and biochemical parameters that had a pattern of 
alteration similar to bacteria of group 5. Lachnospiraceae; Other (A), Rikenellaceae; 
Other (B) and liver PL (C). Values are means ± SE, n = 9–11, different letters indicate 
significant differences, p < 0.05 (C). PL = phospholipids. 
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Figure 4.6. Bacteria of group 6 and biochemical parameters that had a pattern of 
alteration similar to bacteria of group 6.  Ruminococcaceae; Other (A), Ruminococcus 
(B), ΔAUC (C) and liver TBARS (D). Values are means ± SE, n = 9–11, different 
letters indicate significant differences, p < 0.05 (C, D). ΔAUC = the change in area 
under the curve (as compared with 0 h value) for lipid absorption; TBARS = 
thiobarbituric acid reactive substances. 
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4.5. Discussion 
In this study, we aimed to gain new knowledge about aging, diets and gut microbiota. 
We focused on a moderate-fat diet enriched with fish oil as used in a previous study, 
and examined the alteration of gut microbiota due to aging and diets (normal diet, 
moderate-fat diet and moderate-fat diet enriched with fish oil) in SAMP8 [7]. 
First, to investigate the progression of aging in the gut, we measured TBARS levels 
and Sod1, Sod2 and Gpx mRNA expression which are oxidative or anti oxidative 
markers, TNFα mRNA expression which is inflammation marker and Bax mRNA 
expression which is apoptosis marker in the small intestine (Table 4.3). As a result, 
TBARS, Sod1 and Gpx did not change with aging, but Sod2 and Bax increased and 
TNFα showed tendency for an increase with aging (P = 0.08). The increase of Sod2 due 
to aging has not been reported, but it is known that lifespan is elongated when ROS 
increase in the mitochondria by decrease or deficiency of Sod2 [32, 33]. Therefore, in 
this study, this suggested that increase of Sod2 with aging inhibited moderate ROS 
production in the mitochondria and this accelerated aging. On the other hand, TNFα and 
Bax increase with aging [34, 35]. From the above, it was considered the gut of 15 
months old SAMP8 showed senescence progression. 
UniFrac PCoA was performed. We performed unweighted (Figure 4.1A) and 
weighted (Figure 4.1B) UniFrac PCoA. We focused on PC1 and PC2 and visualized the 
differences in the gut microbiota. PC1 and PC2 could explain the differences among the 
gut microbiota because PC1 and PC2 explained more than 75% of variation in both the 
unweighted and weighted UniFrac PCoA. In both the unweighted and the weighted 
UniFrac PCoA, the plot of the aged mice changed enormously compared with the young 
mice on the horizontal axis (PC1), but changed little compared with the young mice on 
the vertical axis (PC2). However, the plot of the aged mice changed enormously on the 
vertical axis (PC2), which was due to the difference in the amount of lipid and the lipid 
composition in the diets (normal diet, moderate-fat diet and moderate-fat diet enriched 
with fish oil). Therefore, PC1 appears to show the alteration of gut microbiota due to 
aging and PC2 appears to show the alteration of gut microbiota due to the differences in 
dietary lipid. We analyzed PC1 and PC2 in more detail. Unweighted UniFrac PCoA 
focuses on the bacterial species in gut microbiota and weighted UniFrac PCoA focuses 
on the gut microbiota composition. Aging strongly influenced the gut microbiota 
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composition, as was shown by PC1 having a higher value in the weighted UniFrac 
PCoA compared with the unweighted UniFrac PCoA. On the other hand, dietary lipid 
strongly influenced the types of bacterial species in the gut microbiota, as was shown by 
the high value of PC2 in unweighted UniFrac PCoA compared with weighted UniFrac 
PCoA. We found that the plots of the groups were distantly positioned with aging and 
dietary lipid. This result suggests that gut microbiota change with aging and that 
alteration of dietary lipid leads to further change. 
We analyzed the gut microbiota at the phylum level (Table 4.4) and found that the gut 
microbiota changed with aging. In particular, the numbers of bacteria from the phylum 
Actinobacteria decreased and from Proteobacteria increased with aging, which was 
similar to previous studies in humans and mice [8, 36]. These results may indicate that 
beneficial bacteria decreased and disease-associated bacteria increased, because 
beneficial bacteria such as Bifidobacteria belong to the phylum Actinobacteria and 
disease-associated bacteria such as Escherichia coli belong to the phylum 
Proteobacteria [37, 38]. This alteration of gut microbiota may be related to functional 
depression with aging, because this is related to immune function decrease and lifestyle 
diseases [38, 39]. On the other hand, gut microbiota in aged mice underwent a further 
change with diet. Bacteria of the phylum Actinobacteria decreased further and those of 
Proteobacteria increased further in the mice fed a moderate-fat diet compared with the 
control-fed mice. This result is similar to another study in which the bacteria of the 
phylum Proteobacteria increased with a high-fat diet [39]. This result suggested that the 
increase in dietary lipid with the moderate-fat diet intake increased the changes in gut 
microbiota that had already occurred with aging. However, when fish oil was added to 
the moderate-fat diet, bacteria of the phylum Actinobacteria increased and those of 
Proteobacteria decreased. It is known that fish oil consumption changes gut microbiota, 
inhibiting intestinal inflammation and fatty liver [40, 41]. Similarly, in this study, the 
fish oil in the moderate-fat diet enriched with fish oil had beneficial effects on the gut 
microbiota. This may be related to the benefit of a moderate-fat diet enriched with fish 
oil on aging that was shown in the previous study [7]. 
Next, in order to examine the gut microbiota in more detail we analyzed the gut 
microbiota at the genus level. In this study, we detected 44 species of bacteria (Table 
4.5), and we focused on 15 species that more than doubled or halved with aging (Table 
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4.6). We then grouped these species by their aging and diet-dependent alteration 
patterns, producing 6 groups (Group 1 – Group 6). 
Group 1 consisted of bacteria that increased with aging and increased further with a 
moderate-fat diet, but decreased with fish oil intake. Escherichia belonged to Group 1. 
In particular, Escherichia coli increases with aging and also plays a role in causing 
inflammatory bowel disease and bowel cancer [42-44]. Therefore, the increase in 
Escherichia is believed to play a role in the aging-related increase in those diseases. 
Escherichia also increases with a high-fat diet, but decreases with fish oil intake: these 
diets can respectively promote or inhibit inflammatory bowel disease and bowel cancer 
[40, 45-47]. In this study, it was believed that the pathogenesis of these diseases was 
facilitated by the moderate-fat diet because the increase of dietary lipid induced the 
increase of Escherichia. However, fish oil intake inhibited this phenomenon. Therefore, 
it was suggested that fish oil intake inhibits the increase of Escherichia otherwise 
caused by aging and dietary lipid intake increase and thus promotes good health.  
Group 2 consisted of bacteria that increased with aging, increased further with a 
moderate-fat diet, and increased even further with fish oil intake. We assigned 
Allobaculum and Enterobacteriaceae; Other to Group 2. The presence of Allobaculum 
is inversely correlated with the expression of intestinal IL-10 and Foxp3, which have 
anti-inflammatory effects and play a role in intestinal inflammation [48]. However, 
Allobaculum increases with dietary components that reduce obesity and preserve 
intestinal health [49, 50]. In several studies, Allobaculum changed in response to the 
promotion of inflammation associated with aging and increased dietary lipid intake, and 
the inhibition of inflammation associated with fish oil intake [40, 50, 51]. On the other 
hand, Enterobacter and Salmonella, which cause disease, belong to the 
Enterobacteriaceae family, but many non-pathogenic microbes also belong to that 
family. In this study, we could not analyze key bacteria in detail and determine the 
function of members of the Enterobacteriaceae family.  
Group 3 consisted of bacteria that increased with aging, decreased with a 
moderate-fat diet, and decreased further with fish oil intake. Bacteroidales; f__; g__, 
Clostridium, Enterococcaceae; Other, Lactococcus, Parabacteroides and Sutterella 
belonged to Group 3. Bacteroidales order are positively correlated with colitis [52], and 
decrease with the increase of bacteria that promote good health [53]. Clostridium 
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perfringens and Clostridium difficile, which cause disease, increase with aging and play 
a role in the pathogenesis of colitis and diarrhea [54, 55]. The Enterococcaceae family 
includes certain types of lactic acid bacteria, but also includes bacteria that play a role in 
inflammation. For example, Enterococcus faecalis plays a role in the pathogenesis of 
urinary tract infection and colitis [56, 57]. In this study, we examined the function of 
Lactococcus, a genus of lactic bacteria that belongs to a different family: 
Streptococcaceae. Lactococcus lactis has anti-inflammatory and anti-aging effects [58, 
59]. However, Lactococcus garvieae causes infection [60]. Parabacteroides increases 
with fatty liver and colon inflammation [48, 61]. Sutterella increases when diets are 
consumed that depress intestinal function, due to the increase in lipopolysaccharide 
concentration and intestinal inflammation [62]. We observed that many of the bacteria 
of Group 3 increased in association with diseases such as fatty liver and intestinal 
inflammation, which increase with aging, suggesting that these bacteria are involved in 
aging-related disorders. However, the oft-reported beneficial effects of fish oil on 
aging-associated disorders may be related to the alteration of gut microbiota [40, 41], 
because fish oil intake inhibited the aging-related increase in these bacteria. On the 
other hand, Clostridium and Parabacteroides increase with a high-fat diet [63-65], but 
these bacteria were inhibited by the increase of dietary lipid with the moderate-fat diet 
consumption in this study. However, the moderate-fat diet of this study contained 
soybean oil, so more n-3 fatty acids were consumed than in the normal diet. The 
increase of certain Group 3 bacteria is inhibited by not only fish oil, but also other oils 
that include high amounts of n-3 fatty acids [41]. Therefore, the increased n-3 fatty acid 
intake may inhibit Group 3 bacteria regardless of total dietary lipid increase.  
Group 4, 5 and 6 consisted respectively of bacteria that increased with aging, 
decreased with a moderate-fat diet, and increased with fish oil intake; decreased with 
aging, further decreased with a moderate-fat diet, and increased with fish oil intake; and 
decreased with aging, increased with a moderate-fat diet, and increased further with fish 
oil intake. [Ruminococcus] and Ruminococcaceae; g__ belonged to Group 4, 
Lachnospiraceae; Other and Rikenellaceae; Other belonged to Group 5, and 
Ruminococcaceae; Other and Ruminococcus belonged to Group 6. These bacteria 
mainly play a role in the production of short-chain fatty acids such as butyric acid, 
which contributes to energy consumption in the body. Therefore, these bacteria play a 
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role in increasing the body’s energy consumption [66-68]. In this study, bacteria 
belonging to the same classification were detected in both the group that increased with 
aging and the group that did not. We did not study these bacteria in detail or understand 
the difference of function of these bacteria, so further analysis may be necessary in the 
future. However, bacteria that play a role in energy consumption decrease with aging 
[66, 67, 69]. In addition, the increase of bacteria of Group 5 and 6 due to fish oil intake 
may be related to the fish oil intake relating to increase in energy consumption and 
inhibition of age-related lipid absorption depression [7]. Therefore, the bacteria of 
Group 5 and 6 may be involved in energy consumption, suggesting that energy 
consumption decreases with aging due to decrease of these bacteria. Accordingly, as 
fish oil intake inhibited the decrease of these bacteria, this result may explain how fish 
oil intake inhibits aging-related decreases in energy consumption. Moreover, bacteria of 
the Ruminococcaceae family, which play a role in energy consumption, exist 
abundantly in centenarians [70]. These centenarians have healthy gut microbiota with a 
high diversity. In addition, they have high cognitive function, a low incidence of 
age-related diseases such as arteriosclerosis and Alzheimer’s disease, and a long health 
span [71, 72]. This suggests that bacteria of Group 5 and 6 have large effects on health 
in the elderly. Together with the previous study, it was shown that a moderate-fat diet 
enriched with fish oil was a beneficial diet for the elderly [7]. 
Furthermore, in the previous study, we measured various biochemical parameters 
according to aging and diets (Table 4.7) [7]. In this study, we compared the 
aforementioned bacteria groups to the biochemical parameters that showed significant 
differences with aging (Baseline vs Control) in the previous study and explored 
combinations of alteration patterns of gut microbiota that were similar to aging- and 
diet-related changes in biochemical parameters to examine the relationship of the 
alteration of biochemical parameters and gut microbiota due to aging and diets (Figure 
4.2, 3, 4, 5, 6). As a result, bacteria of Group 3 and 6 showed similar changes to some 
biological parameters, and the relationship between the function of these bacteria and 
these biological parameters were also shown. The aging- and diet-related alterations in 
many serum and liver parameters were similar to those of Group 3 bacteria (Figure 4.3, 
4). Bacteria of Group 3 increase with fatty liver, liver inflammation and aging. In 
particular, the genus Parabacteroides is associated with liver TC accumulation, the 
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decrease of the genus Clostridium is associated with improvement of lipid metabolism, 
and the genus Sutterella is associated with hepatic damage [48, 62, 73]. Therefore, this 
suggested that the fish oil-induced decrease of bacteria that increased with aging was 
related to a reduction in serum ALT, AST and liver TC [7]. In addition, the relationship 
between bacteria of Group 3 and other serum and liver parameters was also shown for 
the first time. Moreover, the ΔAUC and liver TBARS due to aging and diets were 
similar to the alteration of Group 6 bacteria due to aging and diets (Figure 4.6). 
Researchers do not know the direct relationship of Group 6 bacteria and these 
parameters and we showed this relationship for the first time. In particular, these 
bacteria play a role in energy consumption [66-68]. Therefore, decreased energy 
consumption associated with aging-related decreased lipid absorption may be associated 
with the aging-related decrease of these bacteria, and fish oil’s reversal of these effects 
may be related to the fish-oil-related increase of the same bacteria. On the other hand, 
bacteria of Group 6 showed similar change to liver TBARS levels. The direct 
correlation between Group 6 bacteria and liver TBARS has never been shown and was 
first demonstrated in this study. However, it was thought that several indirect factors led 
to this result. It is known that the liver fat mass and Ruminococcaceae are inversely 
correlated [74]. Moreover, decrease/increase β oxidation activity in the liver is known as 
one of factors that increase/decrease liver lipid content (75, 76). In addition, it is known 
that Reactive Oxygen Species (ROS) is generated in β oxidation, and it was thought that 
liver TBARS increase was caused by β oxidation activity increase [7, 77]. In this study, 
serum ALT and AST which are liver function markers and liver TG and TC levels were 
opposite to the alteration of Group 6 bacteria due to aging and diets. This suggested that 
inhibition of Group 6 bacteria decrease due to aging by fish oil intake is related to 
suppression of lipid accumulation in the liver by preventing deterioration of liver 
function due to aging and suppressing lipid metabolism including β oxidation activity in 
liver. It was considered that the alteration of liver TBARS due to ROS production via 
this phenomenon was related to Group 6 bacteria. This suggested that the gut microbiota 
have a relationship with various biochemical parameters. In particular, we could show 
the benefit of a moderate-fat diet enriched with fish oil for the elderly by analyzing 
biochemical parameters and gut microbiota. 
In this study, we used mice (SAMP8) and diets (normal diet, moderate-fat diet and 
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moderate-fat diet enriched with fish oil) as in the previous study and analyzed gut 
microbiota to examine the alteration and effects of gut microbiota due to aging and diets 
[7]. We found that bacteria related to fatty liver and intestinal inflammation increased 
and bacteria related to energy consumption decreased with aging. This alteration was 
inhibited by a moderate-fat diet enriched with fish oil. In addition, the alterations of 
these bacteria mirrored the pattern of biochemical parameters shown in the previous 
study. This suggested that the effect of a moderate-fat diet enriched with fish oil on 
aging-related changes was closely related with the alteration of gut microbiota. 
However, in this study, we could not accurately analyze the correlation between 
biochemical parameters and gut microbiota because the fecal samples from mice were 
pooled in each group (sample number was one in each group). Moreover, there were 
sparse data on some of the bacteria, so their detailed function could not be analyzed. 
Therefore, we will analyze the detailed mechanism for the relationship of aging, diets 
and gut microbiota in a future study [78]. 
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Chapter 5: The effect of moderate-fat diet enriched with fish oil and vitamin E on 
lipid absorption ability and other biochemical parameters due to aging 
 
5.1. Abstract 
We previously showed that moderate-fat diet enriched with fish oil may be a 
beneficial diet for the elderly. However, long-term or much intake of fish oil sometimes 
increases the risk of lipid peroxidation in the body and reduces the life span. Therefore, 
we considered that it is possible to get only the benefit of fish oil by adding vitamin E 
which is an antioxidant to fish oil. All mice received a normal diet (AIN-93M) until 
they were 6 months of age, at which time they were randomly assigned to 1 of 4 groups: 
(1) 6C group, euthanized at 6 months old, (2) 15N group, continued on a normal diet 
until 15 months old, (3) 15MF group, switched to a moderate-fat diet enriched with fish 
oil (MF diet) (6.0 g soybean oil + 2.0 g fish oil/100 g of diet; a 3:1 ratio) until 15 
months old, (4) 15MFA group, switched to a MF diet enriched with vitamin E (100mg 
vitamin E/100 g of total dietary oil) until 15 months old. After reaching the prescribed 
age, sacrifice and biochemical analysis were performed. As a result of oral lipid 
tolerance test, changes in area under the curve for lipid absorption decreased in old mice, 
but showed a tendency to recover by moderate-fat diet enriched with fish oil. In addition, 
examination of metabolic parameters of serum and liver revealed accumulation of 
hepatic total cholesterol (TC) and liver function depression in aged mice, but these 
changes were canceled by moderate-fat diet enriched with fish oil. On the other hand, 
when the amount of peroxidized lipid (TBARS) in tissues was examined, accumulation 
of lipid peroxides was observed by moderate-fat diet enriched with fish oil in the liver 
and small intestine, but this was canceled by the addition of vitamin E to this diet. From 
the above results, moderate-fat diet enriched with fish oil showed benefits such as 
retardation of lipid absorption ability depression due to aging and retardation of hepatic 
TC accumulation and liver function depression, but it showed that lipid peroxide is 
accumulated in the body. However, addition of vitamin E to this diet suppressed this and 
only beneficial effects of fish oil can be drawn. 
 
Key words: aging ・ fish oil ・ lipid absorption ・ SAMP8 ・ vitamin E 
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5.2. Introduction 
In recent years, the number of elderly people who are judged to be low malnutrition 
in Japan is increasing, and malnutrition of elderly people is a serious problem [1]. 
Changes in gastrointestinal absorption ability of nutrients due to aging are known to 
cause malnutrition of elderly people, but there are many unclear points [2]. In the past, 
on the change in gastrointestinal absorption ability of nutrients caused by aging, we 
focused on the lipid whose research was delayed mostly and studied the change in lipid 
absorption ability by aging using a standard mouse (ICR mouse). We showed that aging 
reduces lipid absorption ability [3]. Based on these results, we searched for a method to 
delay the decline in lipid absorption ability due to aging using SAMP8 mice, a 
senescence promoting model mouse, and found that ingestion of a high fat diet (14.4 g 
fat / 100 g diet) was possible to delay the decrease in lipid absorption ability by aging 
[4]. However, due to the ingestion of a high fat diet, excessive lipids accumulated in the 
body. Therefore, we focused on the amount and quality of dietary lipids, and further 
studied using SAMP8 mouse in order to simultaneously induce the delay of the decrease 
in lipid absorption ability by aging and the prevention of excessive lipid accumulation 
in the body. As a result, in the moderate-fat diet (8 g fat / 100 g diet) which reduced the 
amount of dietary lipid compared to the high fat diet, this meal did not show delaying 
effect of decreasing the lipid absorbing ability by aging, but did not induce excessive 
lipid accumulation. In addition, the moderate-fat diet enriched with fish oil (1.6 g fish 
oil / 100 g diet) which converted part of the dietary lipid of this moderate-fat diet into 
fish oil, delayed the decrease in lipid absorption ablity due to aging in addition to the 
effect of moderate-fat diet. From the above, it has been shown that a moderate-fat diet 
enriched with fish oil can be a beneficial diet for the elderly from the viewpoint that this 
diet can delay the decrease in lipid absorption ability due to aging [5]. 
Fish oil contains many fatty acids such as eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA), and various physiological effects such as prevention of 
cardiovascular diseases, excessive lipid accumulation in the body and inflammatory 
diseases have been reported [6, 7]. In addition, in the previous study, a delaying effect of 
decreasing the lipid absorption ability by aging due to the moderate-fat diet enriched 
with fish oil intake was newly shown [5]. Therefore, fish oil can be a beneficial food 
ingredient that can delay the decline of biological function due to aging and increase the 
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quality of life of the elderly, but the influence of fish oil on aging and life span has not 
been studied for many years. However, in a recent study, when SAMP8 mice were fed 
fish oil (5 g fish oil / 100 g diet) until the end of their lives, despite suppression of lipid 
accumulation and tumor formation in the body, it was shown that the amount of 
peroxidized lipid in the body increased and the life span was shortened [6]. As for this 
factor, EPA and DHA abundantly contained in fish oil have many double bonds in the 
molecule, so it seems that fish oil tends to be highly oxidized. In addition, the amount of 
EPA and DHA obtained from the amount of fish oil used in this test was sufficient to be 
ingested in human society. Based on the above, it seems that searching for a method that 
suppresses oxidation of fish oil and can get only its benefitial effect is important for 
maintaining the health of the elderly. 
Vitamin E is a fat-soluble vitamin, and α-tocopherol is known to have a strong 
antioxidant effect [8]. In previous study, when a meal enriched with fish oil mixed with 
a lot of vitamin E (100 mg vitamin E / 100 mL dietary oil) was given to SAMP8 mice, it 
was found that the increase of lipid peroxide induced by long-term or much intake of 
fish oil was inhibited [9]. In addition, we also showed that this diet prevents 
accumulation of lipids in the body and prolongs the life span. From the above, it is 
considered that controlling the oxidation of fish oil by using vitamin E is possible to get 
only the benefit of fish oil and is useful to produce benefit meals for the elderly. 
However, the effect shown at this time is partial, and when vitamin E is added to the 
moderate-fat diet enriched with fish oil, the effect on the amount of lipid peroxide in the 
whole body and the decrease of lipid absorption ability with aging are not certain. 
In this study, we focused on the effect of vitamin E on the oxidation of fish oil and 
examined how it affects lipid peroxide levels in tissues and lipid absorption ability due 
to aging. In this study, SAMP8 mice were used. This mouse is known as an 
aging-promoting model mouse, and shows rapid aging progresses from 6 months of age 
and senescence-related diseases such as immune dysfunction and learning and memory 
disorder [10, 11]. The lifespan is 1~1.5 years, and this mouse is widely used for 
elucidation of the mechanism of aging and research on aging and diet [4-6, 12]. In this 
study, we used SAMP8 mice and influences on lipid peroxide levels in tissues and lipid 
absorption ability by aging were examined when vitamin E was added to moderate-fat 
diet enriched with fish oil to control oxidation of fish oil. 
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5.3. Materials and methods 
Animals and diets 
All procedures were performed in accordance with the Animal Experiment 
Guidelines of Tohoku University. The animal protocol was approved by the Animal Use 
Committee at Tohoku University [13]. Eleven-week-old, male SAMP8 mice (N = 70) 
were obtained from Japan SLC (Hamamatsu, Japan). After acclimation to a commercial 
diet (CE-2; CLEA Japan, Tokyo, Japan) for 1 week, the mice received a normal diet 
(AIN-93M) until they were 6 months of age, at which time they were randomly 
assigned to 1 of 4 groups: (1) 6C group, euthanized at 6 months old, (2) 15N group, 
continued on a normal diet until 15 months old, (3) 15MF group, switched to a 
moderate-fat diet enriched with fish oil (MF diet) (6.0 g soybean oil + 2.0 g fish oil/100 
g of diet; a 3:1 ratio) until 15 months old, (4) 15MFA group, switched to a MF diet 
enriched with vitamin E (100mg vitamin E/100 g of total dietary oil) until 15 months 
old. We used D-α-tocopherol as the vitamin E. The dietary formulation is shown in 
Table 5.1. There were 20 mice per group, all of which were sacrificed at 15 months of 
age, except for the 6C group comprised of 10 mice which were euthanized after the 
initial 6 months on a normal diet. The mice were housed in individual cages with free 
access to the commercial diets and distilled water in a temperature- and 
humidity-controlled room with 12:12-h light-dark cycles [14].  
 
Oral fat tolerance tests  
After an overnight fast, mice aged 6 and 15 months were gavaged with 5 g of 
soybean oil per kg body weight in preparation for a fat tolerance test [4]. Blood samples 
were collected by cutting tissue from the tail tip and then massaging the tail. Serum 
triacylglycerol (TG) levels were measured at 0, 1, 2, 3, 4, 5, and 6 hours using an 
enzyme kit (Wako Pure Chemical, Osaka, Japan). Serum TG levels were determined 
using the TG kit (Wako Pure Chemical, Osaka, Japan), and the area under the curve for 
blood TG (AUC) was calculated. 
 
Tissue collection 
Mice were weighed before being euthanized by decapitation. The serum, brain, liver, 
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pancreas, spleen, kidney, small intestine, large intestine, mesenteric adipose tissue, 
perirenal adipose tissue, epididymal adipose tissue, gastrocnemius muscle and soleus 
muscle were collected and stored at −80 °C until assays were performed. 
 
mRNA levels analysis 
For real-time quantitative PCR (RT-qPCR), total RNA was isolated from the liver, 
pancreas, and small intestine using an RNeasy Mini Kit (Qiagen, Valencia, CA) [15, 16], 
eluted with 70–100 µL RNase-free water, and stored at −80 °C until use. mRNA levels 
for actin beta, cytoplasmic (Actb), apolipoprotein B (Apob), CD36 antigen (CD36), 
colipase (Clps), cholesterol 7α-hydroxylase (Cyp7a1), diacylglycerol O-acyltransferase 
1 (Dgat1), diacylglycerol O-acyltransferase 2 (Dgat2), fatty acid-binding protein 2 
(Fabp2), fatty acid transport protein 4 (Fatp4), monoacylglycerol O-acyltransferase 2 
(Mgat2), microsomal triglyceride transfer protein (Mttp), cyclin-dependent kinase 
inhibitor 2A (p16), cyclin-dependent kinase inhibitor 1A (p21), pancreatic lipase-related 
protein 2 (Plrp2) and pancreatic lipase (Ptl) in the liver, pancreas, and small intestine 
were determined with a CFX Connect
TM 
real-time PCR Detection System (Bio-Rad 
Laboratories, Hercules, CA). This system allows real-time quantitative detection of 
PCR products by measuring the increase in fluorescence caused by the binding of 
SYBR green to double-stranded DNA [17]. In brief, cDNA was made using Prime 
Script
®
 RT Master Mix (Perfect Real Time) (Takara Bio, Otsu, Japan) from total RNA 
in the liver, pancreas, and small intestine. The cDNA was subjected to PCR 
amplification using SYBR
® 
Premix Ex Taq
TM
 (Perfect Real Time) (Takara Bio, Otsu, 
Japan) and gene-specific primers for Actb, Apob, CD36, Clps, Cyp7a1, Dgat1, Dgat2, 
Fabp2, Fatp4, Mgat2, Mttp, p16, p21, Plrp2 or Ptl (Table 5.2). The qPCR amplification 
was performed with an activation step at 95 °C for 10 s, followed by 40 cycles at 95 °C 
for 5 s (denaturation) and 60 °C for 31 s (annealing), and a dissociation stage at 95 °C 
for 15 s, 65°C for 30 s, and 95 °C for 15 s for each gene. Melting curve analysis was 
performed following each reaction to confirm the presence of only a single reaction 
product. Actb mRNA levels were used to normalize the results [18]. 
 
Histology 
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For the histological analysis of the small intestine (the boundary between the 
duodenum and jejunum), the tissues of each mouse were fixed in 10% formalin and 
embedded in paraffin [19]. Vertical sections were cut, mounted on a glass slide, stained 
with hematoxylin and eosin, and observed using a microscope (BZ-9000; Keyence, 
Osaka, Japan). 
 
DNA microarray analysis 
Total RNA was isolated from the small intestine using an RNeasy Mini Kit (Qiagen, 
Valencia, CA) [15, 16], eluted with 70 µL RNase-free water, and stored at −80°C until 
use. DNA microarray analysis (Clariom_S_Mouse Array) using total RNA was 
performed by Takara Bio (Otsu, Japan). Total RNA was pooled for each group and 
subjected to DNA microarray analysis. Gene expression ratio is shown as “Log2 Ratio”. 
 
Biochemical analyses of serum and liver tissue 
Serum and liver lipid compositions were measured as described previously [20, 21]. 
TG and total cholesterol (TC) in serum and the liver, and phospholipid (PL), glucose, 
alanine aminotransferase (ALT), and aspartate transaminase (AST) in the serum were 
measured using commercial enzyme kits (Wako Pure Chemical, Osaka, Japan) 
according to the manufacturer’s protocol. Insulin was determined using ELISA kits 
(Shibayagi, Shibukawa, Japan) [21]. PL in the liver was determined using the method 
described by Rouser [22]. Thiobarbituric acid-reactive substances (TBARS) in the 
serum, brain, liver, pancreas, kidney, small intestine, large intestine and gastrocnemius 
muscle were measured as described previously [23, 24]. TBARS in epididymal adipose 
tissue were measured by colorimetric method. 8.1% SDS (20µL), 20% acetic acid 
aqueous solution (150µL) and 0.8% TBA solution (150µL) were added to 20% 
homogenate of epididymal adipose tissue, and then this mixture was incubated at 95℃ 
for 60 min. After incubation, water (100µL) and n-butanol/pyridine (15:1, v/v, 500µL) 
were added to this mixture. After vortex for 1 min, this mixture was centrifuged 
(3000rpm, 10min), and the absorbance (530 nm) of the upper layer (200µL) was 
measured. 
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α-tocopherol levels analysis 
We measured the amount of α-tocopherol in serum, liver and small intestine. 
Ultrasonic extraction method was used for extraction of α tocopherol. We added 1000 
μL of methanol and 10 μL of internal standard (Trolox, 100 μg / mL) to 100 μL of 
serum and ultrasonic extraction was performed at 4 °C for 30 minutes. Thereafter, 
centrifugation was performed (3000 rpm, 10 minutes, 4 °C) and the upper layer was 
filtered and collected in a vial. After that, the contents were concentrated with nitrogen 
gas and 100 μL of methanol was added. The liver and small intestine were homogenized 
with 500 μL methanol and then α-tocopherol was extracted in the same way as serum. 
The extracted α-tocopherol was analyzed by liquid chromatography-time of flight mass 
spectrometry (LC-QTOF/MS). SCIEX OS 1.3 software was used for control of the 
device. The column used was iHILIC®-Fusion HILIC Column, PEEK, 100 x 2.1 mm, 
3.5 μm, 100 Å and the column temperature was 40 °C. The mobile phase used 95% 10 
mM ammonium formate + 5% acetonitrile (mobile phase A) and 5% 10 mM ammonium 
formate + 95% acetonitrile (mobile phase B). Gradient profiles were 100% B form 0 to 
6 minutes, 90% A and 10% B form 6 to 9 minutes, and 100% B form 9 minutes to 15 
minutes. The flow rate was 0.2 mL/min. We used a triple quadrupole mass spectrometer 
whitch is equipped with a positive ion electrospray ionization method to analyze 
samples. Spray voltage was 5500V. Ion source gas 1 was 60 posi, Ion source gas 2 was 
50 posi, and the temperature was 400 °C. The accumulation time of each ion was 0.5 s. 
The retention time was 1.0 minute for α-tocopherol and 3.5 minutes for Trolox. 
α-tocopherol was quantified by using an internal standard (Trolox). 
 
Statistical analyses 
All statistical analyses were performed using Ekuseru-Toukei 2012 (SSRI, Tokyo, 
Japan). Results were expressed as means ± standard error (SE). Data were analyzed by a 
one-way ANOVA with a Tukey-Kramer posthoc test. A difference was considered to be 
significant at P < 0.05. 
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Table 5.1. Diet composition (g per 100 g of diet) for SAMP8. 
 Normal diet Moderate-fat diet enriched with fish oil 
(MF diet) 
MF diet enriched with
vitamin E 
Corn starch 46.5692 42.5692 42.5692 
Milk casein 14.0 14.0 14.0 
α-Corn starch 15.5 15.5 15.5 
Sucrose 10.0 10.0 10.0 
Soybean oil 4.0 6.0 6.0 
Fish oil 0 2.0 2.0 
Vitamin E (D-α-tocopherol) 0 0 0.0074 
Cellulose 5.0 5.0 5.0 
Mineral mix (AIN-93M-MX) 3.5 3.5 3.5 
Vitamin mix (AIN-93VX) 1.0 1.0 1.0 
L-cystine 0.18 0.18 0.18 
Choline bitartrate 0.25 0.25 0.25 
t-Butylhydroquinone 0.0008 0.0008 0.0008 
Energy (kcal/100 g) 380 400 400 
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Table 5.2. Primer pairs used for the quantitative RT-PCR analysis. 
Genbank ID Target gene Primer Primer sequence (5’–3’) 
NM_007393 Actb F GAAATCGTGCGTGACATCAAAG 
  R TGTAGTTTCATGGATGCCACAG 
NM_009693 Apob F TTGGCAAACTGCATAGCATCC 
  R TCAAATTGGGACTCTCCTTTAGC 
NM_001159556 CD36 F ATGGGCTGTGATCGGAACTG 
  R GTCTTCCCAATAAGCATGTCTCC 
NM_025469 Clps F GCTCTTGCCTTCTGCTGTCTGA 
  R ATGGCGCCGATGATGCTCCTGT 
NM_007824 Cyp7a1 F GGGATTGCTGTGGTAGTGAGC 
  R GGTATGGAATCAACCCGTTGTC 
NM_010046 Dgat1 F GTGCCATCGTCTGCAAGATTC 
  R GCATCACCACACACCAATTCAG 
NM_026384 Dgat2 F TTCCTGGCATAAGGCCCTATT 
  R CCTCCAGACATCAGGTACTCG 
NM_007980 Fabp2 F AGAGGAAGCTTGGAGCTCATGACA 
  R TCGCTTGGCCTCAACTCCTTCATA 
NM_011989 Fatp4 F TGAGATGGCCTCAGCTATCTG 
  R TGCCCGATGTGTAGATGTAGAA 
NM_177448 Mgat2 F TCTTCCAGTACAGCTTTGGCCTCA 
  R TGATATAGCGCTGATGAAGCCGGT 
NM_008642 Mttp F AGTGCAGTTCTCACAGTACCCGTT 
  R AGCATATCGTTCTGGTGGAAGGGA 
NM_009877 p16 F GCTCAACTACGGTGCAGATTC 
  R TCGCACGATGTCTTGATGTC 
NM_001111099 p21 F CCTGGTGATGTCCGACCTG 
  R CCATGAGCGCATCGCAATC 
NM_011128 Plrp2 F ATGCCTATGGATGTCCGTGGA 
  R TGCCCAGGGCTTGTCATTG 
NM_026925 Ptl F CTGGGAGCAGTAGCTGGAAG 
  R AGCGGGTGTTGATCTGTGC 
Actb, actin beta, cytoplasmic; Apob, apolipoprotein B; CD36, CD36 antigen; Clps, colipase; Cyp7a1, 
cholesterol 7α-hydroxylase; Dgat1, diacylglycerol O-acyltransferase 1; Dgat2, diacylglycerol 
O-acyltransferase 2; Fabp2, fatty acid-binding protein 2; Fatp4, fatty acid transport protein 4; Mgat2, 
monoacylglycerol O-acyltransferase 2; Mttp, microsomal triglyceride transfer protein; p16, 
cyclin-dependent kinase inhibitor 2A; p21, cyclin-dependent kinase inhibitor 1A; Plrp2, pancreatic 
lipase-rerated protein; Ptl, pancreatic lipase. 
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5.4. Results 
Animals 
During the course of the study, 10 mice in the 15N group, 9 mice in the 15MF group, 
and 9 mice in the 15MFA group died, leaving 10, 11, and 11 mice, respectively for 
euthanization and tissue collection. All 10 mice in the 6C group survived until the age 
of 6 months and are included in the analysis. 
 
Oral fat tolerance test 
The effect of the diet in this study on lipid absorption ability with aging was 
evaluated by performing the oral fat tolerance test. There was a decrease in area under 
the curve (AUC) for lipid absorption in aged mice (6C vs 15N), but AUC showed a 
tendency for a recovery by moderate-fat diet enriched with fish oil (15N vs 15MF and 
15MFA) (Figure 5.1A). Moreover, there was a decrease in the AUC normalized by 
serum TG measured at 0 h (ΔAUC) in aged mice (6C vs 15N), but ΔAUC showed a 
tendency for a recovery by moderate-fat diet enriched with fish oil (15N vs 15MF and 
15MFA) (Figure 5.1B). This suggested that the decrease in lipid absorption ability due 
to aging was delayed by ingestion of moderate-fat diet enriched with fish oil. 
 
Growth parameters 
The effect of the diet in this study on body weight, food intake and tissue weights 
(Table 5.3). There was no significant difference in body weight. There was no 
significant difference in food intake in aged mice (6C vs 15N), but food intake showed a 
tendency for a decrease by moderate-fat diet enriched with fish oil (15N vs 15MF and 
15MFA) (P = 0.16, 0.03). However, there was no significant difference in caloric intake. 
There was an increase in heart and kidney weight in aged mice (6C vs 15N), but these 
parameters did not change by moderate-fat diet enriched with fish oil (15N vs 15MF 
and 15MFA). There was a decrease in pancreas, perirenal adipose tissue, epididymal 
adipose tissue, total adipose tissue and gastrocnemius muscle weight in aged mice (6C 
vs 15N), but these parameters did not change by moderate-fat diet enriched with fish oil 
(15N vs 15MF and 15MFA). This suggested that some tissue weights changed with 
aging, but test diets in this study did not affect this change. 
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Senescence indicators in the liver, pancreas and small intestine 
To examine the degree of aging in lipid absorption related tissues, p16 and p21 
mRNA levels were examined in liver, pancreas and small intestine (Table 5.4). There 
was a decrease in p16 mRNA levels for liver, pancreas and small intestine in aged mice 
(6C vs 15N), but these parameters did not change by moderate-fat diet enriched with 
fish oil (15N vs 15MF and 15MFA). There was a no significant difference in p21 
mRNA levels for liver and small intestine in aged mice, but there was a decrease in p21 
mRNA levels for pancreas in aged mice (6C vs 15N). This change was not affected by 
moderate-fat diet enriched with fish oil (15N vs 15MF), but was canceled by adding 
vitamin E to this diet (15N vs 15MFA). This suggested that the progression of aging of 
these tissues was not confirmed from p16 and p21 mRNA levels and these parameters 
also showed no association with lipid absorption ability. 
 
mRNA levels of lipid absorption-related genes in the liver, pancreas, and small intestine 
To examine the effect of moderate-fat diet enriched with fish oil on the attenuation of 
lipid absorption ability with aging in detail, mRNA levels for lipid absorption related 
molecules in liver, pancreas and small intestine were measured (Table 5.5). There was a 
decrease in Cyp7a1 mRNA levels for liver in aged mice (6C vs 15N), but these 
parameters did not change by moderate-fat diet enriched with fish oil (15N vs 15MF 
and 15MFA). There was a no significant difference in Clpe, Plrp2, Ptl mRNA levels for 
pancreas in aged mice (6C vs 15N). There was a no significant difference in Apob, 
Cd36, Dgat1, Dgat2, Fabp2, Fatp4, Mgat2 and Mttp for small intestine in aged mice 
(6C vs 15N). This suggested that there was no change in mRNA levels for lipid 
absorption related genes in relation to the delay of the attenuation of lipid absorption 
ability by moderate-fat diet enriched with fish oil. 
 
Histological analysis in small intestine 
To examine the reason why the lipid absorption ability decreased with aging and the 
decrease was delayed by moderate-fat diet enriched with fish oil, histological analysis 
was performed in the small intestine, which is the most important tissue for nutritional 
absorption (Figure 5.2). In this study, we focused on the crypt which stem cells existed 
and is involved in the morphogenesis of the small intestine and examined its depth. As a 
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result, changes of small intestinal crypt in aged mice were not observed and there was 
no significant difference in crypt depth in aged mice (6C vs 15N). This suggested that 
there was no change in morphology of small intestine in relation to the delay of the 
attenuation of lipid absorption ability by moderate-fat diet enriched with fish oil. 
 
DNA microarray analysis in small intestine 
 To examine the small intestine in detail, DNA microarray analysis in small intestine 
was performed (Table 5.6, 5.7, 5.8). Based on the result of oral fat tolerance test, we 
focused on genes that increased more than 4-fold due to aging (6C vs 15N) and 
decreased more than 4-fold by moderate-fat diet enriched with fish oil (15N vs 15MF 
and 15MFA) (Type 1) or genes that decreased more than 4-fold due to aging (6C vs 
15N) and increased more than 4-fold by moderate-fat diet enriched with fish oil (15N vs 
15MF and 15MFA) (Type 2). A total of 25 genes were found. Seven metabolism-related 
genes, two inflammation or stress response-related genes, eight cell function-related 
genes and two cell proliferation or differentitation-related genes were found. This 
suggested that these genes were involved in the change with aging in small intestine and 
the delay of this by moderate-fat diet enriched with fish oil. In addition, it was thought 
that this result was involved in the attenuation of lipid absorption ability with aging and 
this delay by moderate-fat diet enriched with fish oil. 
 
Biochemical analysis in various tissues 
To examine the effect of aging and diet on the body, biochemical parameters in serum 
and liver were examined (Table 5.9). There was a decrease in serum TG levels in aged 
mice (6C vs 15N), but these parameters did not change by moderate-fat diet enriched 
with fish oil (15N vs 15MF and 15MFA). There was no significant difference in serum 
TC, PL, glucose and insulin levels in aged mice (6C vs 15N). There was an increase in 
serum ALT levels in aged mice (6C vs 15N), but these parameters showed tendency for 
a cancel by moderate-fat diet enriched with fish oil (P = 0.12, 0.23) (15N vs 15MF and 
15MFA). There was an increase in serum AST levels in aged mice (6C vs 15N), but 
these parameters did not change by moderate-fat diet enriched with fish oil (15N vs 
15MF and 15MFA). There was no significant difference in liver TG levels in aged mice 
(6C vs 15N). There was an increase in liver TC levels in aged mice (6C vs 15N), but 
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this changes were canceled by moderate-fat diet enriched with fish oil (15N vs 15MF 
and 15MFA). There was no significant difference in liver PL levels in aged mice (6C vs 
15N). This suggested that liver function depression and liver TC accumulation due to 
aging were delayed by moderate-fat diet enriched with fish oil. 
Moreover, the amount of peroxidized lipid levels in tissues was measured by the TBA 
method (Table 5.10). There was no significant difference in serum peroxidized lipid 
levels in aged mice (6C vs 15N), but these parameters decreased by moderate-fat diet 
enriched with fish oil (15N vs 15MF and 15MFA). There was no significant difference 
in brain, large intestine and epididymal adipose tissue peroxidized lipid levels in aged 
mice (6C vs 15N), and these parameters did not change by moderate-fat diet enriched 
with fish oil (15N vs 15MF and 15MFA). There was no significant difference in liver 
and small intestine peroxidized lipid levels in aged mice (6C vs 15N), but these 
parameters increased by moderate-fat diet enriched with fish oil (15N vs 15MF). 
However, these changes were canceled by adding vitamin E to this diet (15MF vs 
15MFA). There was a decrease in pancreas, kidney and gastrocnemius muscle 
peroxidized lipid levels in aged mice (6C vs 15N), but these parameters did not change 
by moderate-fat diet enriched with fish oil (15N vs 15MF and 15MFA). This suggested 
that liver and small intestine peroxidized lipid levels increased by moderate-fat diet 
enriched with fish oil, but this increase was canceled by adding vitamin E to this diet. In 
addition, the amount of vitamin E (α-tocopherol) in the serum, liver, and small intestine 
was measured (Table 5.11). There was no significant difference in serum, liver and 
small intestine vitamin E levels in aged mice (6C vs 15N), but all tissues vitamin E 
levels increased by MF diet enriched with vitamin E intake mice compared with MF 
diet intake mice (15MF vs 15MFA) (P = 0.10 in serum, P = 0.03 in liver, P = 0.06 in 
small intestine). It seemed that this was mainly involved in inhibition of increase of 
peroxidized lipid due to ingestion of fish oil. 
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Figure 5.1. Effects of aging on the ability to absorb lipids in SAMP8 mice. Oral fat 
tolerance test (A), and the change in area under the curve (∆AUC) (as compared with 0 
h value) (B). Values are means ± SE, n = 10–11. Different letters indicate significant 
differences, p < 0.05. 
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Table 5.3. Growth parameters in mice. 
 6C 15N 15MF 15MFA 
Body weight (g) 37.1 ± 1.4 38.3 ± 1.8 39.4 ± 1.3 37.5 ± 2.3 
Food intake (g/day) 4.47 ± 0.08
b
 4.43 ± 0.09
b
 4.14 ± 0.08
ab
 4.03 ± 0.13
a
 
Caloric intake (kcal/day) 17.0 ± 0.3 16.8 ± 0.3 16.6 ± 0.3 16.1 ± 0.5 
Tissue weight (g/100 g body weight)     
Brain 1.30 ± 0.04 1.22 ± 0.05 1.17 ± 0.04 1.26 ± 0.08 
Heart 0.43 ± 0.01
a
 0.53 ± 0.02
b
 0.50 ± 0.02
ab
 0.52 ± 0.02
b
 
Lung 0.92 ± 0.12 0.97 ± 0.09 0.82 ± 0.03 0.94 ± 0.06 
Liver 4.46 ± 0.12 5.68 ± 0.49 4.56 ± 0.18 5.12 ± 0.46 
Pancreas 0.81 ± 0.03
b
 0.48 ± 0.03
a
 0.44 ± 0.02
a
 0.43 ± 0.02
a
 
Spleen 0.47 ± 0.04 0.44 ± 0.04 0.53 ± 0.06 0.42 ± 0.02 
Kidney 1.32 ± 0.03
a
 1.45 ± 0.04
b
 1.39 ± 0.02
ab
 1.45 ± 0.04
b
 
Large intestine 0.52 ± 0.01 0.59 ± 0.02 0.56 ± 0.02 0.55 ± 0.02 
White adipose tissue weight     
Mesenteric 1.32 ± 0.11 1.69 ± 0.13 1.69 ± 0.08 1.42 ± 0.07 
Perirenal 1.90 ± 0.14
b
 1.26 ± 0.14
a
 1.47 ± 0.12
ab
 1.08 ± 0.10
a
 
Epididymal 3.33 ± 0.08
b
 1.61 ± 0.32
a
 2.29 ± 0.34
ab
 2.18 ± 0.34
ab
 
Total 6.46 ± 0.29
b
 4.56 ± 0.30
a
 5.45 ± 0.43
ab
 4.42 ± 0.25
a
 
 Muscle weight     
Gastrocnemius 0.82 ± 0.03
b
 0.61 ± 0.01
a
 0.60 ± 0.02
a
 0.63 ± 0.02
a
 
Soleus 0.10 ± 0.01 0.07 ± 0.00 0.07 ± 0.00 0.08 ± 0.01 
Values are means ± SE, n = 10-11. Different letters indicate significant differences, p < 0.05. 
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Table 5.4. Senescence indicators in mice. 
 6C 15N 15MF 15MFA 
 
p16 mRNA levels 
(Ratio) 
Liver  1.00 ± 0.26
b
 0.44 ± 0.09
a
 0.52 ± 0.08
ab
 0.31 ± 0.06
a
 
Pancreas  1.00 ± 0.08
b
 0.67 ± 0.06
a
 0.74 ± 0.08
a
 0.70 ± 0.03
a
 
Small intestine  1.00 ± 0.33
b
 0.15 ± 0.03
a
 0.14 ± 0.02
a
 0.17 ± 0.03
a
 
p21 mRNA levels     
Liver  1.00 ± 0.19 1.38 ± 0.22 1.93 ± 0.32 1.91 ± 0.35 
Pancreas  1.00 ± 0.06
b
 0.70 ± 0.05
a
 0.86 ± 0.05
ab
 0.92 ± 0.04
b
 
Small intestine  1.00 ± 0.12
b
 0.73 ± 0.06
ab
 0.70 ± 0.04
a
 0.70 ± 0.04
a
 
Values are means ± SE, n = 10-11. Different letters indicate significant differences, p < 0.05. 
p16, cyclin-dependent kinase inhibitor 2A; p21, cyclin-dependent kinase inhibitor 1A. 
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Table 5.5. mRNA levels for lipid absorption-related genes in the liver, pancreas and small 
intestines of mice. 
 6C 15N 15MF 15MFA 
 
Liver 
(Ratio) 
Cyp7a1  1.00 ± 0.19
b
 0.41 ± 0.05
a
 0.33 ± 0.08
a
 0.49 ± 0.09
a
 
Pancreas     
Clps  1.00 ± 0.18 0.96 ± 0.11 1.36 ± 0.30 1.06 ± 0.15 
Plrp2  1.00 ± 0.06 0.88 ± 0.09 0.84 ± 0.05 0.84 ± 0.07 
 Ptl  1.00 ± 0.17 1.65 ± 0.39 1.39 ± 0.30 1.27 ± 0.18 
Small intestine     
Apob  1.00 ± 0.27 1.41 ± 0.29 1.12 ± 0.20 1.28 ± 0.19 
CD36  1.00 ± 0.15 0.83 ± 0.14 0.82 ± 0.10 0.70 ± 0.10 
Dgat1  1.00 ± 0.10 1.08 ± 0.15 0.99 ± 0.11 0.73 ± 0.09 
Dgat2  1.00 ± 0.10 0.89 ± 0.12 0.81 ± 0.09 1.08 ± 0.17 
Fabp2  1.00 ± 0.18
a
 1.10 ± 0.08
a
 1.43 ± 0.13
ab
 1.78 ± 0.22
b
 
Fatp4  1.00 ± 0.29 1.41 ± 0.25 1.44 ± 0.19 1.31 ± 0.18 
Mgat2  1.00 ± 0.20 1.18 ± 0.18 1.14 ± 0.14 1.07 ± 0.13 
 Mttp  1.00 ± 0.24 1.36 ± 0.24 1.20 ± 0.18 1.33 ± 0.22 
Values are means ± SE, n = 10-11. Different letters indicate significant differences, p < 0.05. 
Cyp7a1, cholesterol 7α-hydroxylase; Clps, colipase; Plrp2, pancreatic lipase-related protein; 
Ptl, pancreatic lipase; Apob, apolipoprotein B; CD36, CD36 antigen; Dgat1, diacylglycerol 
O-acyltransferase 1; Dgat2, diacylglycerol O-acyltransferase 2; Fabp2, fatty acid-binding 
protein 2; Fatp4, fatty acid transport protein 4; Mgat2, monoacylglycerol O-acyltransferase 2; 
Mttp, microsomal triglyceride transfer protein. 
 
 
 
  
155 
 
 
Figure 5.2. Histology of the small intestines of SAMP8 mice using hematoxylin and 
eosin staining. Small intestinal crypts images (A). Depth of crypts in the small intestines 
of mice (B). Values are means ± SE, n = 3-4. 
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Table 5.6. Genes from DNA microarray analysis in small intestine: Number of 
genes that increased more than 4-fold due to aging (6C vs 15N) and decreased 
more than 4-fold by moderate-fat diet enriched with fish oil (15N vs 15MF and 
15MFA) (Type 1) or genes that decreased more than 4-fold due to aging (6C vs 
15N) and increased more than 4-fold by moderate-fat diet enriched with fish oil 
(15N vs 15MF and 15MFA) (Type 2). 
Function Type 1 Type 2 
Lipid, carbohydrate or protein metabolism 3 4 
Inflammation or stress response 2 0 
Cell function 7 1 
Cell proliferation or differentiation 1 1 
Others 6 0 
Total 19 6 
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Table 5.7. List of genes showed in Table 6 (Type 1 genes). 
Genebank ID Gene name 
Log2 Ratio (vs 6C) 
Function Classification 
15N 15MF 15MFA 
NM_001004762 Pla2g4c 2.74 -0.30 0.07 Glycerophospholipid hydrolysis Lipid, 
carbohydrate or 
protein 
metabolism 
NM_146198 Slc5a11 2.87 0.76 0.82 Glucose transport 
NM_001164798 Slc38a10 2.51 0.15 -0.86 Amino acid transport 
NM_028149 Fbxl20 3.24 0.96 1.09 Protein-ubiquitin ligase 
Inflammation or 
stress response 
NM_001168621 Znrf1 2.39 -0.40 0.24 E3-ubiquitin ligase 
NM_001024458 Add1 4.56 1.53 0.59 Cell structure protein 
Cell function 
NM_028377 Bbof1 2.04 -0.03 -0.06 Cilia preservation 
NM_029963 Mrps5 5.06 1.62 0.63 Protein synthesis in mitochondria 
NM_25474 Mrps14 4.82 2.00 1.89 Protein synthesis in mitochondria 
NM_001102650 Nt5c3b 5.18 1.55 0.10 Hydrolytic dephosphorylation 
NM_008914 Ppp3cb 2.17 -0.11 -0.70 Signal transduction 
NM_018768 Stx8 4.21 1.83 2.12 Vesicle transport in cells 
NM_145413 Fam20b 2.62 0.34 -0.25 Cell differentiation 
Cell proliferation 
or differentiation 
Values are log2 ratio. 
Pla2g4c, phospholipase A2, group IVC; Slc5a11, solute carrier family 5, member 11; Slc38a10, solute carrier family 
38, member 10; Fbxl20, F-box and leucine-rich repeat protein 20; Znrf1, zinc and ring finger 1; Add1, adducin 1; 
Bbof1, basal body orientation factor 1; Mrps5, mitochondrial ribosomal protein S5; Mrps14, mitochondrial 
ribosomal protein S14; Nt5c3b, 5-nucleotidase, cytosolic IIIB; Ppp3cb, protein phosphatase 3, catalytic subunit, beta 
isoform; Stx8, syntaxin 8; Fam20b, family with sequence similarity 20, member B. 
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Table 5.8. List of genes showed in Table 6 (Type 2 genes). 
Genebank ID Gene name 
Log2 Ratio (vs 6C) 
Function Classification 
15N 15MF 15MFA 
NM_001160152 Amy2a2 -2.24 2.05 0.39 Carbohydrate degradation 
Lipid, 
carbohydrate or 
protein 
metabolism 
NM_001160151 Amy2a3 -2.14 2.04 0.39 Carbohydrate degradation 
NM_001160150 Amy2a4 -2.20 1.96 0.34 Carbohydrate degradation 
NM_025350 Cpa1 -3.74 0.34 3.49 Protein and peptide degradation 
NM_013587 Lrpap1 -3.74 -1.28 -1.10 Chaperon Cell function 
NM_026860 Gkn3 -2.07 7.04 0.03 Epithelial cell proliferation  
Cell proliferation 
or differentiation 
Values are log2 ratio. 
Amy2a2, amylase 2a2; Amy2a3, amylase 2a3; Amy2a4, amylase 2a4; Cpa1, carboxypeptidase A1, pancreatic; 
Lrpap1, low density lipoprotein receptor-related protein associated protein 1; Gkn3, gastrokine 3. 
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Table 5.9. Biochemical parameters in mice. 
 6C 15N 15MF 15MFA 
Serum     
TG (mmol/L) 1.85 ± 0.11
b
 1.47 ± 0.12
a
 1.27 ± 0.07
a
 1.38 ± 0.09
a
 
TC (mmol/L) 4.61 ± 0.11
ab
 5.02 ± 0.40
b
 3.96 ± 0.24
a
 4.49 ± 0.26
ab
 
PL (mmol/L) 3.17 ± 0.06 3.78 ± 0.24 3.09 ± 0.19 3.32 ± 0.19 
Glucose (mmol/L) 12.6 ± 0.6 12.0 ± 0.6 10.6 ± 0.8 13.0 ± 0.8 
Insulin (ng/mL) 0.50 ± 0.05 0.52 ± 0.03 0.58 ± 0.07 0.43 ± 0.02 
ALT (IU/L) 5.31 ± 0.39
a
 30.0 ± 6.7
b
 17.3 ± 2.1
ab
 19.2 ± 3.5
ab
 
AST (IU/L) 52.0 ± 2.3
a
 110 ± 10
b
 114 ± 17
b
 109 ± 6
b
 
Liver     
TG (µmol/g tissue) 73.6 ± 9.1 98.5 ± 10.1 67.4 ± 8.4 70.9 ± 12.1 
TC (µmol/g tissue) 10.6 ± 0.9
a
 16.1 ± 1.7
b
 7.10 ± 0.63
a
 9.73 ± 0.91
a
 
PL (µmol/g tissue) 48.7 ± 1.0
ab
 44.6 ± 1.7
a
 50.5 ± 1.4
b
 49.7 ± 1.7
ab
 
Values are means ± SE, n = 10-11. Different letters indicate significant differences, p < 0.05. 
TG, triacylglycerol; TC, total cholesterol; PL, phospholipid; ALT, alanine aminotransferase; AST, 
aspartate transaminase. 
 
 
 
  
160 
 
Table 5.10. Tissue TBARS in mice. 
 6C 15N 15MF 15MFA 
Serum (µmol/L) 20.0 ± 1.2
bc
 21.9 ± 1.9
c
 15.7 ± 1.1
ab
 14.8 ± 1.2
a
 
Brain (nmol/g tissue) 387 ± 17 351 ± 10 374 ± 11 352 ± 15 
Liver (nmol/g tissue) 124 ± 9
a
 88.3 ± 8.7
a
 184 ± 17
b
 125 ± 17
a
 
Pancreas (nmol/g tissue) 431 ± 16
b
 252 ± 24
a
 228 ± 11
a
 220 ± 13
a
 
Kidney (nmol/g tissue) 175 ± 6
b
 130 ± 3
a
 152 ± 11
ab
 157 ± 5
ab
 
Small intestine (nmol/g tissue) 48.9 ± 4.8
a
 51.4 ± 7.2
a
 75.7 ± 5.6
b
 52.1 ± 2.9
a
 
Large intestine (nmol/g tissue) 49.9 ± 9.3 55.7 ± 4.8 72.5 ± 8.8 58.1 ± 6.4 
Epididymal adipose tissue (nmol/g tissue) 14.7 ± 1.4
a
 34.5 ± 5.8
ab
 45.6 ± 7.3
ab
 58.0 ± 12.7
b
 
Gastrocnemius muscle (nmol/g tissue) 295 ± 70
b
 117 ± 14
a
 235 ± 34
ab
 153 ± 13
ab
 
Values are means ± SE, n = 10-11. Different letters indicate significant differences, p < 0.05. 
TBARS, thiobarbituric acid reactive substances. 
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Table 5.11. Tissue vitamin E (α-tocopherol) in mice 
 6C 15N 15MF 15MFA 
Serum (µmol/L) 0.58 ± 0.24
a
 1.56 ± 0.46
ab
 1.36 ± 0.62
ab
 3.01 ± 0.58
b
 
Liver (nmol/g tissue) 25.6 ± 6.3
a
 43.0 ± 11.0
ab
 28.6 ± 5.9
a
 66.7 ± 13.4
b
 
Small intestine (nmol/g tissue) 5.73 ± 3.17
ab
 17.5 ± 3.4
b
 4.68 ± 1.49
a
 15.3 ± 3.5
ab
 
Values are means ± SE, n = 9-11. Different letters indicate significant differences, p < 0.05. 
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5.5. Discussion 
In this study, we examined the effect on lipid absorption ability by aging and the 
amount of lipid peroxide in body when we controlled the oxidation of fish oil by adding 
vitamin E to moderate-fat diet enriched with fish oil. As a result, it was shown that 
ingestion of moderate-fat diet enriched with fish oil delayed the decrease of lipid 
absorption ability due to aging, but increased the amount of peroxidized lipid in the 
body. However, it was shown that the increase in lipid peroxide level in body can be 
suppressed by adding vitamin E to this diet with maintaining the effect of moderate-fat 
diet enriched with fish oil. 
To examine the change in lipid absorption ability, oral fat tolerance test was 
performed (Figure 5.1). As a result, it showed a decrease in lipid absorption ability due 
to aging. The decrease in lipid absorption ability due to aging showed a tendency for a 
delaying due to ingestion of moderate-fat diet enriched with fish oil. The effect of 
moderate-fat diet enriched with fish oil on the decrease in lipid absorption ability with 
aging was similar to our result of our previous study [5]. In addition, we used 
moderate-fat diet enriched with fish oil added to vitamin E in this study. This diet also 
showed a retardation tendency of a decrease in lipid absorption ability due to aging, as 
with the moderate-fat diet enriched with fish oil, so it was shown that the benefit of 
moderate-fat diet enriched with fish oil was maintained. 
We examined mRNA levels of p16 and p21, which inhibit the cell cycle as a cyclin 
dependent kinase inhibitor, are known as an aging marker and increase with aging, was 
measured in lipid absorption related tissues (liver, pancreas, small intestine) in order to 
investigate the mechanism of the delay of lipid absorption ability depression due to 
aging by moderate-fat diet enriched with fish oil. (Table 5.4) [25]. As a result, the 
expression level of p16 decreased in aged mice in all tissues, and this change was not 
affected by diets. In addition, the expression level of p21 decreased in aged mice in the 
pancreas, and this change was not affected by the moderate-fat diet enriched with fish 
oil, but this change was canceled by adding vitamin E to this diet. Since the expression 
levels of p16 and p21 are known to increase by aging, in this study, which showed a 
decrease in aged mice, it was not possible to confirm the progression of aging in these 
tissues from these molecules. In addition, this result was not associated with the results 
of the oral fat tolerance test and we did not show any association with lipid absorption 
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ability change due to aging and diet. On the other hand, since p16 and p21 also have an 
aspect as a tumor suppressor molecule, in this study in which the expression level of 
these molecules was decreased, it was considered that the risk of tumor onset in each 
tissue of aged mice was increased [26, 27]. 
Next, mRNA levels of molecules involved in lipid absorption were measured (Table 
5.5). When mRNA levels of each molecule involved in bile acid synthesis, lipid 
hydrolysis or lipid transport were measured, no change was observed in all of the 
molecules in aged mice, so there was no molecule that explains the influence on 
changes in lipid absorption ability due to aging and diet [5, 28-31]. 
Next, histological observation in tha small intestine which is the most important 
tissue for nutrient absorption was performed (Figure 5.2). In this study, we focused on 
the crypt in the small intestine. Stem cells are present in the crypt of the small intestine 
and are involved in the morphogenesis of the small intestine, such as making cells that 
are deeply involved in the absorption of nutrients [32]. It is also known that when the 
function of stem cells in crypt is increased, the intestinal villi become longer, and as a 
result, nutrient absorption of the small intestine increase [33]. Furthermore, the function 
of crypt is related to its depth, for example, it is also known that an increase in the depth 
of crypt is associated with an increase in the length of villi in the small intestine [34, 35]. 
From the above, it was thought that by evaluating crypt of small intestine, we can learn 
about nutrient absorption ability in small intestine. In this study, small intestine crypt 
was observed and its depth was measured. As a result, no change was observed in aged 
mice, and there was no association with lipid absorption ability due to aging and diet. 
Regarding the morphological change of the small intestine due to aging, it is known that 
the mucosal surface area decreases with aging, but regarding detailed villus length and 
crypt depth, it is known that there is an decrease in villi length and crypt depth with 
aging, while it is also known that there is no change in villi length and crypt depth with 
aging [36-38]. Changes of the small intestine due to aging and changes in nutrient 
absorption ability are still unknown completely, so further investigation will be 
necessary in the future. 
DNA microarray analysis in the small intestine was performed to investigate the 
small intestine in detail (Table 5.6, 5.7, 5.8). Based on the result of oral fat tolerance test, 
we focused on genes that increased/decreased in aged mice and decreased/increased due 
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to moderate-fat diet enriched with fish oil. 25 genes were found and particularly, 
metabolism, inflammation and cell functions-related 19 genes were found. Especially, 
Fbxl20 and Znrf1 have responsiveness to inflammation and stress as ubiquitin ligase 
[39-41]. In addition, Znrf1 decomposes anti-inflammatory protein and induces 
inflammation [41]. Moreover, knockdown of Mrps5 is involved in prolonging the life 
span, and delay of aging is expected [42]. Furthermore, Stx8 is related to cytotoxicity 
[43]. All of these genes increased greatly in aged mice, but their expression was 
alleviated by moderate-fat diet enriched with fish oil. This suggested that small 
intestinal functions in aged mice decreased due to inflammation, stress, senescence and 
cytotoxicity, but this was suppressed by moderate-fet diet enriched with fish oil. 
Declining intestinal function due to inflammation and stress is closely related to a 
decrease in nutrient absorption ability [44-46]. Therefore, the deterioration of the small 
intestinal function in aged mice due to inflammation, stress, aging and cell damage is 
involved in the reduction of lipid absorption ability due to aging, and there are delayed 
by moderate-fat diet enriched with fish oil. 
In this study, we also examined the effects of aging and test diet on body composition 
and biochemical parameters of serum and liver (Table 5.3, 5.9). As a result, the food 
intake decreased due to ingestion of moderate-fat diet enriched with fish oil, but no 
difference was found in the calorie intake. Therefore, it was considered that there was 
no influence due to aging or dietary on diet intake. Moreover, some tissues caused 
changes in aged mice, but this change was not affected by diet. From the above, it was 
shown that the body composition was affected by aging, but the test diet of this study 
did not affect this change. On the other hand, in terms of the biochemical parameters of 
serum and liver, serum ALT, which is known as liver function marker because this leaks 
into the blood when liver cells was destroyed, increased in aged mice, but moderate-fat 
diet enriched with fish oil canceled this change [47]. On the other hand, serum AST 
which has a similar effect to ALT showed a high value in aged mice, but this change 
was not affected by diets [47]. Liver TC concentrations showed high values in aged 
mice, but this change was canceled by ingestion of moderate-fat diet enriched with fish 
oil. From the above results, the intake of a moderate-fat diet enriched with fish oil 
delayed liver function decline and hepatic TC accumulation due to aging. These results 
were similar to the previous studies [5]. In addition, this study also showed that when 
165 
 
Vitamin E was added to moderate-fat diet enriched with fish oil, the same effect was 
obtained and the effect of moderate-fat diet enriched with fish oil was maintained. 
Since fish oil is highly oxidizable oils, long-term intake and much intake increase the 
amount of lipid peroxides in the body and this is one of the causes of the decrease in the 
lifespan in the elderly [6]. Therefore, we considered that it is very important to examine 
the state of lipid peroxides in the body in the tests that fed animals a diet including fish 
oil, and in this study, the amount of lipid peroxide in the main tissues was measured by 
the TBA method (Table 5.10). As a result, intake of moderate-fat diet enriched with fish 
oil showed an increase in lipid peroxide level in liver and small intestine. However, by 
adding vitamin E to this diet, the increase in the lipid peroxide level was suppressed. 
Therefore, in the liver and small intestine, an increase in peroxidized lipid 
accompanying the oxidation of fish oil was observed by moderate-fat diet enriched with 
fish oil, but oxidation of fish oil was suppressed by MF diet enriched with vitamin E. Its 
effect was maintained in the liver and small intestine, so effect of suppressing the 
increase in lipid peroxide in the liver and small intestine was observed. Furthermore, 
when vitamin E content of these tissues was measured, the content of vitamin E 
increased by ingestion of MF diet enriched with vitamin E in liver and small intestine 
(Table 5.11). In the previous report, the addition of Vitamin E to the meal including fish 
oil was able to suppress the increase in the lipid peroxide level in the body due to 
ingestion of fish oil and a lot of vitamin E was detected in the tissue where this 
phenomenon was observed [9]. Therefore, the effect of preventing the increase of lipid 
peroxides caused due to fish oil in liver and small intestine by MF diet enriched with 
vitamin E, in addition to suppression of oxidation of the dietary fish oil by vitamin E, 
was also related to many vitamin E exists in liver and small intestine due to MF diet 
enriched with vitamin E. From the above, it was shown that the intake of fish oil in 
combination with vitamin E can suppress the increase in the lipid peroxide level and 
this diet an effective diet to get only the benefit of fish oil. 
In this test, the proportion of mixed oil in moderate-fat diet enriched with fish oil was 
set to "soybean oil: fish oil = 3: 1". This means that the amount of fish oil increased 
slightly compared with "soybean oil: fish oil = 4: 1" in moderate-fat diet enriched with 
fish oil of the previous study. In the previous study, the proportion of mixed oil in 
moderate-fat diet enriched with fish oil used "soybean oil: fish oil = 4: 1" because we 
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considered that this proportion was the amount that can produce the effect of fish oil 
with minimizing the effect of increased lipid peroxidation in body by the oxidation of 
fish oil [5]. However, when this diet is applied to humans, humans consume more fish 
oils (especially EPA and DHA) in their regular lives by eating daily fish and taking 
supplements than moderate-fat diet enriched with fish oil in our previous studies, so we 
thought that the amount of fish oil can be made closer to human intake by increasing the 
amount of fish oil than the previous study. In addition, since the effect of fish oil was 
not fully demonstrated in the previous test, if the amount of fish oil is increased, the 
benefits of fish oil can be fully demonstrated and the effect of moderate-fat diet 
enriched with fish oil can be enhanced. However, increasing the intake of fish oil has 
the risk of increasing lipid peroxides in the body. In this study, we focused on the 
antioxidant effect of fish oil by vitamin E, so we considered that the effect of increasing 
lipid peroxidation by increasing the amount of fish oil can be suppressed. Therefore, in 
this study, we thought that it is possible to increase the amount of fish oil so as to get the 
fish oil intake amount as close to human as possible, and it is possible to increase the 
benefit of moderate-fat diet enriched with fish oil more than the previous study, so 
moderate-fat diet enriched with fish oil was prepared at the ratio of "soybean oil: fish oil 
= 3: 1". However, some humans ingest fish oil more than this test on a daily basis, and 
moderate-fat diet enriched with fish oil we used in this study did not have more benefits 
than moderate-fat diet enriched with fish oil we used in previous study, so further 
research on diet and fish oil will be necessary in the future. 
In this study, diet enriched with vitamin E was prepared by adding 100 mg of vitamin 
E to 100 g of the oil mixture in the diet. Here, when we focus on the amount of vitamin 
E contained in the entire diet of this test, since vitamin mix which is the raw material of 
AIN93M diet contains 7.5 mg/g of vitamin E and soybean oil contains 0.1 mg/g of 
vitamin E, the amount of vitamin E in the entire diet was about 15.5 mg/100 g diet and 
it was found that mice ingested about 0.6 mg of vitamin E per day. This means that 
about 780 mg of vitamin E is taken per day in terms of humans. This amount is very 
high because the amount of vitamin E ingested by humans per day in the usual life is 
about 6~7 mg [1]. However, vitamin E has little worry of overdose and it is thought that 
even if you ingest 800~1000 mg of vitamin E per day, it will not be a problem. 
Therefore, when this test is applied to humans, it is considered that there is no risk of 
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excessive ingestion. However, it is known that rats ingesting much vitamin E 
(equivalent to consuming 1,800 mg/day in humans) increase the risk of osteoporosis 
[48]. In addition, it is impossible for humans to ingest vitamin E equivalent to this study 
from diets alone. Therefore, further study is necessary for optimal intake of vitamin E. 
Vitamin E has various benefits such as cognitive function improving effect and 
immune function improving effect in addition to the effect of antioxidant [49-51]. 
Therefore, in the present study, it was expected that adding vitamin E to moderate-fat 
diet enriched with fish oil would show beneficial effects more than normal moderate-fat 
diet enriched with fish oil in lipid absorption ability and biochemical parameters. 
However, in this study, moderate-fat diet enriched with fish oil adding to vitamin E 
showed similar effects of normal moderate-fat diet enriched with fish oil, but no further 
effect was seen by this diet. Many reports showing the benefit of vitamin E consumed 
more than 10 times higher vitamin E compared with normal diet [49-51]. In addition, it 
is considered that humans have to consume about 10 times higher vitamin E compared 
with normal vitamin E intake (6~7 mg/day) to get sufficiently its effects in human [52]. 
In this test, since vitamin E was used for the purpose of preventing the oxidation of fish 
oil in the dietary oil, the amount of vitamin E contained in the oil mixture in the diet 
was about 10 times higher than that of normal diet, but when we focused on the entire 
diet, the amount of vitamin E contained in the diet was about two times higher than that 
of normal diet. Therefore, in this study, vitamin E suppressed the oxidation of dietary 
lipids by its potency and it was able to suppress the increase in lipid peroxidation in 
tissues induced by oxidation of dietary lipids, but the other benefits were not shown by 
the amount of viamin E of the whole diet, so no synergistic effects of fish oil and 
vitamin E were observed. 
In this study, intake of moderate-fat diet enriched with fish oil delayed a decrease in 
lipid absorption ability, a decrease in liver function, and a liver TC accumulation due to 
aging. However, moderate-fat diet enriched with fish oil increased the lipid peroxide 
level in the liver and small intestine. On the other hand, by adding vitamin E to this diet, 
it was shown that increase of lipid peroxide level in the liver and small intestine can be 
suppressed with maintaining all beneficial effects of normal moderate-fat diet enriched 
with fish oil. From the above, it was shown that coinstantaneous intake of fish oil and 
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vitamin E is extremely effective for maintaining the health of the elderly, and this diet 
could be an indispensable factor to solve the health problems of the elderly. 
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Conclusion 
In this study, we focused on the change in lipid absorption ability due to aging, and 
examined this mechanism in detail and a method to delay the change in lipid absorption 
ability with aging. 
In Chapter 1, the mechanism of the change in lipid absorption ability with aging was 
investigated. As a result, it was revealed that the lipid absorption ability is decreased 
with aging, and this factor was caused by the deterioration of pancreatic lipase function 
due to aging. 
In Chapter 2, we focused on high-fat diets as a method to delay the decline in lipid 
absorption ability due to aging. As a result, it was shown that the ingestion of a high fat 
diet has the effect of delaying the decrease of lipid absorption ability due to aging, but 
high fat diet also induced accumulation of excessive lipid in the body. 
In response to the results of Chapter 2, in Chapter 3, in order to simultaneously lead 
to the delay of the decrease in lipid absorption ability with aging and the prevention of 
excessive lipid accumulation in the body, we focused on moderate-fat diet which 
contains lower lipid than that of high fat diet of Chapter 2 and moderate-fat diet 
enriched with fish oil which added fish oil that can suppress excessive lipid 
accumulation in the body to moderate-fat diet. As a result, moderate-fat diet enriched 
with fish oil had the effect of delaying the decrease of the lipid absorption ability with 
aging, and this diet did not exacerbate the various metabolic parameters changing with 
aging. This diet also had the effect of delaying the liver total cholesterol accumulation 
and liver function decline due to aging. 
In Chapter 4, we were interested in effects of moderate-fat diet enriched with fish oil 
of Chapter 3 on other aging phenotypes and we focused on gut microbiota that receives 
attention by resarchers recentely. As a result, moderate-fat diet enriched with fish oil 
had the effect of delaying the change of gut microbiota with aging, and from the 
viewpoint of gut microbiota, the benefit of moderate-fat diet enriched with fish oil in the 
elderly was clarified. 
Chapter 5 focused on vitamin E which is an antioxidant in order to avoid the risk of 
long-term or much ingestion of fish oil. This leads to the induction of accumulation of 
lipid peroxide in the body. We examined effects of adding vitamin E to fish oil on 
changes of lipid absorption ability and biochemical parameters due to aging. As a result, 
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it was shown that ingestion of moderate-fat diet enriched with fish oil had the effect of 
delaying the decrease of lipid absorption ability with aging and the effect of delaying 
the liver total cholesterol accumulation and liver function decline due to aging. On the 
other hands, ingestion of moderate-fat diet enriched with fish oil induced lipid peroxide 
accumulation in the body, but it could be avoided by adding vitamin E to this diet and 
we could get only the benefit of fish oil. 
This study showed that the amount and quality of lipids in the diet of older people 
became more important in order to delay the decline in lipid absorption ability due to 
aging and keep the health of the elderly in good condition. This study can show that 
dietary lipids are important for maintaining the health of the elderly, and can present one 
of the grounds which are noted in recent years for the benefit to the lipid intake of the 
elderly. In addition, in the future, this research can help solve the health and nutrition 
problem of the elderly. Moreover it can be expected to help solve various problems of 
aging society such as increase of medical expenses, increase of carers and decrease of 
prodecers. In order to present the results of this research to society through human 
examinations and to help to solve the nutritional and health problems of elderly people, 
we have to continue to conduct further studies which focus on the amount and quality of 
lipids in the elderly's diet. 
 
  
177 
 
謝辞 
本研究は終始、東北大学大学院農学研究科食品化学分野の都築毅准教授の御
指導のもと行われました。研究を遂行するにあたり、多くの御懇篤な御指導と
御高配を賜りましたことに、深甚なる感謝の意を表します。 
また、本論文を校閲していただき、多くの御助言を賜りました、東北大学大
学院農学研究科食品化学分野の戸田雅子教授、東北大学大学院農学研究科テラ
ヘルツ生物工学分野の藤井智幸教授、東北大学大学院農学研究科機能分子解析
学分野の永塚貴弘准教授に深く感謝申し上げます。 
本研究を遂行するにあたり、実験手法に関して多くの御指導・御助言をいた
だきました東北大学大学院農学研究科機能形態学分野の麻生久教授、野地智法
准教授、渡邊康一助教授に深く感謝申し上げます。 
さらに、多くの時間を共に過ごし、笑いあい、励まし合いながら切磋琢磨を
重ねた東北大学大学院農学研究科食品化学分野の皆様に心より感謝いたします。 
最後に、長野の地より常に私を励ましてくれ、精神的にも経済的にも大きな
支えとなってくれた祖父母、両親、妹に心より感謝いたします。 
 
